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ABSTRACT
The southern limit of coral reef growth in the world occurs on Lord Howe Island
(33°30'S, 159°05'E) in the form of a discontinuous 6-km long fringing reef along the
western side of the island. Compared with other fringing reefs worldwide it is large
being attached to the shoreline only at its northern and southernmost ends while the
central portion encloses a lagoon over a kilometre wide. The reef and lagoon are
developed over an antecedent surface composed of reefs of Last Interglacial age and
calcarenite dunes; however, there appears to be little relation between its topography
and that of the modern surface.

Carbonate sediments were being deposited within the lagoon around 6500 years BP
coincident with sea level reaching close to its modern level. High-energy open ocean
conditions dominated the reef with robust branching corals dominating the developing
reef. Sedimentation during this initiation phase strongly reflected the morphology of the
antecedent surface. Growth of the reef crest between 6000 and 5000 years B P lead to a
reduction in the energy environment of the lagoon allowing for m u d deposition. During
this period sedimentation occurred at rates of around 5 mm/yr, but up to 10 mm/yr,
which infilled almost all the available accommodation space in the lagoon. B y 4000
years B P the reef and lagoon were very close to the modern surface having accumulated
over 1 1 m , possibly up to 30 m , of sediment. Sediments younger than 3000 years B P
form a veneer over these older units with the main deposition being confined to
embayments, the coastal plain and infilling blue holes.

Reef growth and lagoonal infill at the southernmost environmental limit have been
luxuriant and rapid, comparable with low-latitude reef systems. The main period of
growth occurred during the mid-Holocene. Modern sedimentation appears to be
restricted to the lagoon and there is little reef progradation. The reef on Lord H o w e
therefore appears to be related to luxuriant growth in the mid-Holocene.
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CHAPTER 1
INTRODUCTION
1.1 Reef Definition

Reefs represent different things to different people, a precise definition often provi
difficult to establish because each discipline involved in reef research define them based
on characteristics central to their specific perspective. F r o m a geomorphological or
geological perspective, reefs m a y be viewed as laterally restricted masses of carbonate
rock. Their composition and relation with the surrounding sediments suggest that the
bulk of its components (normally skeletal lithoclasts) were bound together into a
framework during deposition, maintaining and developing a structure of positive relief
on the sea bed (Scoffin 1987). Tucker and Wright (1990) suggest that to be classed as a
reef a structure should contain evidence of biological processes during growth. The
importance of a rigid organic framework in various definitions has been criticised
because m a n y reefs in the geological record form a spectrum of structures from noncalcareous trapping organisms to firmly inter-cemented hermatypic corals (Longman
1981). Framework material can also be destroyed after deposition by physical and
biological processes and m a y not be preserved in the sedimentary record (Longman
1981, Bosence 1985). The presence or absence of framework in definitions is, however,
of greatest importance early in the geological record, and not for the late-Quaternary,
with which this study is concerned. A reef will therefore be composed of two main
elements a surface ecological zonation and an accumulation of sediment derived from
it.

The emphasis on sediment buildups rather than ecological units in a reef definition
(Longman 1981) is particularly important close to the environmental limits of growth
where coral reefs co-exist with non-reefal coral communities. Non-reefal coral
communities have similar surface ecological and biological characteristics to reefs but
do not accrete their o w n substrate. A n y carbonate material that is produced within these
communities is removed. Reefs therefore have the ability to modify their physical
environment by growing vertically and laterally which non-reefal communities cannot
do. This means that if the surface ecological assemblage was removed, as might happen
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due to a change in the environmental conditions, non-reefal coral communities will only
be preserved as scattered unconsolidated sediment. It is important to differentiate
between reef and non-reefal growth, as each will have very different depositional
histories, and interactions with the surrounding environment.

Reefs are not uniformly compact containing numerous cavities throughout the build-u
(Guilcher 1988). Hermatypic scleractinian corals are the dominant framework element,
which are infilled and cemented by carbonate detritus (Hatcher 1991). These secondary
carbonates are derived from other organisms, such as algae, foraminifera, crustaceans,
molluscs, lamellibranchs, echinoids, holothurians, and fishes, which either secrete their
o w n carbonate or breakdown carbonate produced by other organisms (Guilcher 1988).

1.2 Reef Distribution
Coral-reef growth is widespread throughout the tropics where there is a suitable
basement on which to grow and favourable environmental conditions (Figure 1.01). The
greatest number of reefs occur in the Indo-Pacific, which contains the highest species
diversity of over 500 species from 88 genera (Veron 1986a, Guilcher 1988). In the
Pacific Ocean the northern limit of reef growth occurs in the Ryukyu Islands and Japan
at 29°N (Nakai 1992, Veron 1992a, b, Veron and Minchin 1992), and Kure Atoll
(28°30'N) in the central Pacific (Dana 1971). The Arabian Gulf and Red Sea (29°N) are
the northern limits of reef growth in the Indian Ocean (Crossland 1988). The southern
limit of reef growth in the Pacific (and the world) occurs on Lord H o w e Island at 33°S
(Veron and D o n e 1979). The Houtman Abrolhos Islands, Australia (29°S, Wilson and
Marsh 1979, Hatcher 1991) and South Africa 28°S (Ramsay and M a s o n 1990, Reigl
1995, Reigl et al. 1995) represent the southern limit of reef growth in the Indian Ocean.
A second major reef province occurs in the Caribbean/Atlantic. This area contains a less
diverse coral fauna, with over 40 species from 22 genera being found in the Caribbean
(Liddell and Ohlhorst 1988, Veron 1995). This relatively low diversity is the remains of
a more cosmopolitan Eocene fauna (Veron 1995). In the Caribbean/Atlantic province
the northern limit of reef growth occurs in Bermuda (32°N) while the southern limit is
on the Brazilin coast 24°S (Crossland 1988, Guilcher 1988). Reef growth is less prolific
on the eastern edges of these reef provinces. A m a x i m u m of 30, but generally less than
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20 coral species, are present on the eastern side of the Pacific and Atlantic (Veron
1986a, Cortes 1993, Veron 1995).

23.5°N

5°S

Figure 1.01: Worldwide distribution of coral reefs (shaded area) showing some of the highest latitude
reefs (modified from Veron 1986b).

1.3 Environmental Limits to Reef and Coral Growth

Sea-surface temperature is probably the most widely cited criteria in limiting the
distribution of reefs. Mayer (1915) suggested that hermatypic corals could not survive
below 15°C, however more recent studies in Florida (Davis 1982, Roberts et al. 1982),
Northern Carolina (Macintyre and Pilkey 1969), and the Arabian Gulf (Coles and
Fadlallah 1991) have shown that they can survive to a m i n i m u m of 10°C. These periods
of low temperature generally last a few days to weeks and corals appear able to adapt to
these extremes (Coles and Jokiel 1977, Al-Sofyani and Davies 1992). Even if these
extreme temperatures cause mass coral mortality, rapid recolonisation means there is
little affect on the long-term (100's years) reef cover (Davis 1982).

While individual corals can tolerate low temperatures reef growth does not generally
occur below 18°C (Guilcher 1988, Veron 1995). Even at the latitudinal extremes of reef
growth, in the Ryukyu Islands/Japan, eastern and western Australia, Bahamas, and
eastern Africa the water temperature is maintained by poleward flowing w a r m water
currents (Crossland 1988, Guilcher 1988, Veron 1995). While w a r m currents maintain
reef growth at high latitudes, cool-water currents limit reef occurrence on the eastern
side of the major reef provinces (Veron 1986a, Guilcher 1988, Cortes 1993).
Temperature therefore limits both reefs and corals through interactive ecological
processes where the energy demands of reef construction become progressively less
competitive against macroalgae-dominated systems (Veron 1995).
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M a n y high-latitude reefs such as the Houtman Abrolhos Islands (Crossland 1981,
Johannes et al. 1983, Collins et al. 1993a, b), French Polynesia (Faure 1985), Japan
(Veron and Minchin 1992), the Arabian Gulf (Coles 1988) and northern Carolina
(Wohlenberg 1992) are algal-dominated. Algae can affect coral growth through,
shading, competition for substrate, current-induced abrasion, sediment trapping, and
rendering the substrata unsuitable for coral settlement (Johannes et al. 1983, Hatcher
1985). Increased sedimentation also occurs as organic matter produced by algae is not
consumed by herbivores at high latitudes (Hatcher 1985). Algal growth also limits the
degree of seasonal growth as seen with the skeletal elongation rates of Acropora
formosa on the Houtman Abrolhos Islands. Those corals without macroalgal cover had
summer growth rates that were eight times that of the winter rates ( 1 8 - 1 4 6 mm/yr),
while those with cover had a summer rate only three times the winter rates (26 - 77
mm/yr) (Crossland 1981). The impact of seasonal algal growth tends to vary between
and within reefs (Wilson and Marsh 1979, Coles 1988, Smith and Simpson 1991),
while having no great effect on coral colonies that are well-established (Marsh 1992).
Competition is therefore probably more relevant in the larval stages of growth.

Reef growth can also be limited by sedimentation and salinity changes; however, rathe
than forming latitudinal or longitudinal gradients these factors relate to specific local
conditions. For example, the southern limit of reef growth in the Caribbean is caused by
sediment loading of the shelf along Brazil by the A m a z o n River (Guilcher 1988). In
some areas reef and terrestrial sediment can co-exist (at lower levels than Brazil) such
as in Thailand (e.g. Tudhope and Scoffin 1994, Scoffin and Le Tisser 1998), and parts
of the inner Great Barrier Reef (e.g. Kleypas 1996). Salinity is another regional factor
that affects coral growth. Generally reefs grow in areas of normal salinity (30 - 38 ppt),
however this extends up to 45 ppt in the Red Sea, and d o w n to 25 ppt in the north east
Indian Ocean and South China Sea (Guilcher 1988, Sheppard 1988, Coles 1992). The
effects of salinity and turbidity on reefs will generally be localised and therefore not
develop worldwide latitudinal gradients.

Elevated nutrient levels can also locally affect reefs and a relatively high concent
m a y be a feature of high latitude reefs (Crossland 1988). Nutrient concentrations
however appears to be of greater importance in limiting reef growth when associated
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with the early stages of sea-level rise, as has been suggested for the Great Barrier Reef
(Davies et al. 1985).

1.4 High Latitude Reef Growth

Reefs at the environmental limits of coral growth have generally been viewed as poorly
developed structures with slow growth rates and a poor species complement. Rosen
(1971) predicted that coral species complement of reefs would reduce with increasing
latitude in the Indian Ocean until at the limit of reef growth there would be a limited
reef fauna. A similar attenuation along the Australian Coast suggested that only 2 - 1 0
coral genera would occur at the limits of reef growth (Stoddart 1969). The highest
latitude reefs in the Indo-Pacific are however highly diverse with a species complement
in some cases similar to low-latitude reefs. For example on the Houtman Abrolhos
Islands on the West Australian coast 42 genera have been described (Hatcher 1991),
while 34 genera have been found on Lord H o w e Island in the Tasman Sea (Harriott et
al. 1995). This diversity would support the ideas of Wells (1957) that the species
complement of a reef remains relatively constant up to the 18°C limit, beyond which
there is a sudden reduction in the species present.

One problem in assessing high-latitude reefs, especially their diversity, is that the
often grouped together with non-reefal communities which co-exist at the same latitude.
In the Tasman Sea, Lord H o w e Island (87 species) (Veron and D o n e 1979, McDougall
et al. 1981, Harriott et al. 1995) and Elizabeth and Middleton atolls (118 species)
(Slater and Phipps 1977, Schofield et al. 1983, Australian M u s e u m 1992) have
developed thick Holocene sequences of reefs and lagoon carbonates; however, at the
same latitude along the Australian mainland non-reefal communities such as the
Solitary Islands occur (53 species) (Veron et al. 1974, Harriott et al. 1994, Harriott and
Banks 1995). O n the western Australian coast the offshore Houtman Abrolhos Islands
(>200 species) are interspersed with coral communities on the coast which contain less
than 20 species (Veron 1995). At the northern limit of growth in the Ryukyu
Islands/Japan, a similar drop in species complement occurs in the transition between
reef and non-reef communities (Veron and Minchin 1992, Veron 1995 pl84). It would
therefore appear that a large proportion of latitudinal decreases in coral species diversity
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is related to a rapid change when moving from reef to non-reef communities rather than
as a gradient from the tropics.

In the above examples, the non-reef communities are located close to the shore while
the reefs grow in the open ocean. The w a r m water currents tend to be concentrated
away from the coast in these locations, but it is also terrestrial influences, such as fresh
water run-off and sedimentation, which adversely affect the coastal communities. The
species complement of m a n y of the most southern and northern reefs in the Pacific is;
however, lower than their tropical counterparts with around 100 species (Veron 1995).
While this is still above the predicted species complement based on latitude attenuation
models, it is below other high-latitude reefs such as the H o u t m a n Abrolhos. Veron
(1995) classed some of these reefs, such as the T a s m a n Reefs, as "temperate
communities" although they have developed large reef structures. O n e possible
explanation for this anomaly is that reef growth occurred in the early to mid-Holocene
but cannot be sustained today. There are indications from Japan that reef growth m a y
have been more luxuriant during the early Holocene (Veron 1992a), and this m a y have
therefore also occurred in the Tasman Sea.

Gradients in coral growth rates have also been suggested to occur with increasing
latitude. Grigg (1982) showed that there was a reduction in growth rate of Porites
lobata from 11 m m / y r on the Big Island of Hawaii to 0.2 m m / y r on the northeastern
edge of the Hawaiian chain. This agrees with latitude-dependant calcification models
suggested by McKenzie et al. (1980). Grigg (1982), however, noted that calcification at
the southern end of the chain was high. H e therefore suggested that "the inverse relation
reported between latitude and coral calcification m a y only apply near latitudinal limits
of coral reef development"(Grigg 1982, p31). N o latitudinal gradient in growth rates
was found in Aqaba at the northern limit of growth in the Indian Ocean (Schuhmacher
etal. 1995).

Reef calcification and metabolism studies have also shown that latitudinal gradients
not occur (Kinsey and Davies 1979, Kinsey 1985). Kinsey (1985) suggested that rather
than attenuating with latitude metabolic rates for reef and reef communities simply
cease to exist beyond certain latitudinal limits, although this could also be affected by
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the proximity of land. This concept suggests there is a threshold for reef development
beyond which reefs do not occur. The southern limit of reef growth in the Indian Ocean
is a good example. Reef growth extends from the tropics along the West Australian
coast to the Houtman Abrolhos Islands at 29°S. Even though these reefs are at the limit
of reef growth they support a luxuriant coral fauna and have developed a thick
Holocene reef sequence up to 40 m thick (Collins et al. 1997). Reef growth rates of 6 11 m m / y r occurred and were dominated by Acropora (Collins et al. 1993a, b). This
thickness and rate is greater than m a n y Holocene reefs on the Great Barrier Reef
(Davies and Marshall 1980, Hopley 1982). Although reef growth is so luxuriant, no
Holocene reefs occur further south (Veron 1995, Hatcher 1991).

1.5 Thesis Aims and Outline

Recent coral diversity studies have indicated that high-latitude reefs are quite luxur
and dynamic systems. They also have the potential to develop thick Holocene reefs,
which can grow at rates similar to their low-latitude counterparts. In these marginal
environments coral reefs only remain healthy as long as they are undisturbed, and m a y
not be able to recolonise if damaged (Buddemeier and Hopley 1988). It would therefore
appear that thresholds for reef development exist beyond which they cannot occur, that
is reef growth is an "all or nothing" phenomena.

Apart from the Houtman Abrolhos Islands high-latitude reefs at the environmental
limits of development have not been well-studied from a geomorphological viewpoint.
A detailed investigation of other high-latitude reefs is therefore necessary if the
sedimentology and limits of evolution are to be properly interpreted. The southernmost
reef in the world, Lord H o w e Island presents a prime site for this investigation. It
occurs at, or very close to the environmental limits of reef growth, and has developed a
moderately sized fringing reef. Its species diversity is very high for its latitude but there
are some indications that it may, at present, be beyond the limit of reef development. If
this is the case then a detailed study will provide information on h o w sedimentation
changes in response to a change to non-reefal communities. If the reef is still accreting
then the morphology and structure will provide important information of reef
sedimentation very close to the m a x i m u m limit of growth.
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This thesis therefore aims to investigate the morphology and evolution of the Holocene
southernmost coral reef and lagoon in the world on Lord H o w e Island. It examines h o w
the reef and lagoon have developed through the Holocene in relation to factors such as
changes in sea level and climate through a detailed analysis of its sedimentary
composition and character.

Chapter 2 provides a review of the geomorphology/geology of coral reefs, especially
fringing reefs, and their evolution over the Quaternary. Chapter 3 outlines the regional
setting of Lord H o w e Island and the methodologies used in its investigation. Chapter 4
covers the morphology and sedimentology of the modern reef and lagoon, chapter 5 the
morphology of the pre-Holocene surface. Chapter 6 investigates the stratigraphy of the
Holocene carbonate sediments in the lagoon and reef. Chapter 7 summarises and
synthesises the evolution of Lord H o w e Island, relating it to established growth patterns
for other reefs worldwide (developed in chapter 2).
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CHAPTER 2
MORPHOLOGY AND EVOLUTION
OF REEFS AND LAGOONS
2.1 Reef Classification

Coral reefs are classified on the basis of their gross morphology, size, relation to n
limestone rocks and, in some cases, the depth of the surrounding water (Stoddart 1969).
Darwin (1842) provided the earliest reef classification identifying three types, fringing
reefs, barrier reefs and atolls reefs (Figure 2.01). This classification is primarily based
on the relationship between the reef crest and subaerial non-reefal landmass and still
adequately accommodates the majority of worldwide reef forms more than 150 years
since its publication. Fringing reefs are attached to the shoreline often forming a
seaward thickening sedimentary wedge. They are characteristic of stationary or rising
coasts, tending to be relatively thin and narrow, although their dimensions are often a
function of the underlying slope (Darwin 1842, Steers and Stoddart 1977). Barrier reefs
form some distance offshore and are separated from land (typically a volcanic island)
by a lagoon. Atolls are composed entirely of carbonate sediment, their volcanic
basement buried at depth, forming an annular reef rim which encloses a central lagoon
(Darwin 1842, M c L e a n and Woodroffe 1994). Darwin's (1842) classification has been
extended by the recognition of end-members and intermediate stages (Davis 1928,
T a y a m a 1952, MacNeil 1954, Maxwell 1968, Stoddart 1969). Maxwell (1954)
described 14 types of reefs on the Great Barrier Reef based on lagoon complexity and
reef size. The shelf reefs of the Great Barrier Reef, which rise from depths of less than
200 m , were classified as bank reefs by Milliman (1974), as they do not follow the
exact morphological transition of Darwin's (1842) classification, thereby providing a
fourth reef type (Figure 2.01).
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Figure 2.01: Broad classification of reef types. Bank reefs m a y have a carbonate base however it is not
related to the reef growth across its surface. Based on Milliman (1974).

Often the distinction between individual reef types is not clear and hence it can be
misleading to label a reef as a specific type. This is especially the case in the transition
between fringing and barrier reefs, such as along the H u o n Peninsula, Papua N e w
Guinea (Chappell 1974, Chappell et al. 1996), and the Kenyan coast (Bird and Guilcher
1982, in Guilcher 1988). Guilcher (1988) classified fringing reefs based on the backreef proto-lagoon area that he termed a boat channel. This approach provides a more
complete framework for differentiating between fringing and barrier reefs. Using
Guilcher's classification system four types of fringing reef occur on the basis of the
width and depth of the boat channel. Type 1 does not have a boat channel with the reef
crest attached to the shoreline. In type 2, an incipient channel is developed around 1.5 m
deeper than the reef-flat surface, which contains a small amount of sediment
accumulation and scattered coral growth. Type 3 fringing reefs have a well-developed
channel, several metres deeper than the reefflatand up to a few hundred metres wide.
The final type 4 fringing reef has multiple landlocked lagoons, and tends to occur in
macrotidal areas and therefore have wide intertidal zones within the lagoon. The
threshold between a boat channel and lagoon, is generally reported to be around 10 m
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depth (Milliman 1974), where water across the back-reef exceeds this depth it is called
a lagoon and the reef in considered a barrier reef (Guilcher 1988).

2.2 Surface Morphology of Reefs

The surface of a coral reef is subjected to a range of environmental conditions relat
variations in depth. This leads to a gradient in wave energy, light levels or irradiance
and exposure, which in turn can affect levels of sedimentation and hence reef growth
and morphology. The growth form of corals directly reflects variations in these energy
changes (Figure 2.02). Generally corals are more rounded and compact in areas of
greater w a v e and subaerial exposure (Geister 1977, Chappell 1980, Graus and
Macintyre 1989). In areas of greater illumination branching and platy forms are found
(Graus and Macintyre 1989, Chappell 1980). The differing energy levels across the reef
also affect the ability of the reef to retain sediment. Unconsolidated material is
generally reworked towards the shoreline or lagoon or transported d o w n the reef front,
meaning that hard substrates dominate the most exposed parts of the reef. These
gradients lead to the development of specific ecological and morphological zonations
(Wells 1957, Stoddart 1973, Milliman 1974, Geister 1977, Chappell 1980, Longman
1981, Hopley 1982, Guilcher 1988)(Figure 2.02).
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Figure 2.02: General zonation across a reef. Main coral growth forms labelled in italics. Modified from
James (1984) and Tucker and Wright (1990).
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Distinct zones occur from seaward landward: the fore-reef zone, the reef front zone,
reef crest, rubble zone, reef flat and back-reef/lagoon. The exact morphology of these
zones is variable. This is due to the wide range of reef types that exist at different
spatial scales, from small fringing reefs to atolls. The degree of disturbance on the reef
due to storms, tides or temperature will also be important in the evolution of these
zones and hence the surface morphology (Connell 1978, Huston 1985, Done 1986).

2.2.1 Fore-Reef Zone

Active reef growth tends to be very restricted within the fore-reef zone. It extends
an area where reef-derived sediment intermixes with the surrounding deeper water
sediment. The fore-reef zone m a y be depositional (accretionary) or bypass (escarpment)
margins based on their ability to retain reef-derived material (Mcllreath and James
1984). Sediment of the fore-reef tends to be dominated by gravity flows (Enos and
Moore 1983), and on shallow shelves these can occur kilometres offshore, being
composed of bothfinem u d (Symonds et al. 1983) or coral gravel (Scoffin and Tudhope
1985). The morphology of this zone will tend to relate to the long-term geological
evolution of the shelf or island rather than the individual reef type. In reefs with
offshore terraces, such as Grand C a y m a n Island (Blanchon and Jones 1995) there is a
greater potential for sediment retention. The fringing reefs of the Great Barrier Reef
(e.g. Hopley and Partain 1986, Partain and Hopley 1989) have relatively shallow forereef zones, which also accumulate sediment. The fore-reef zones of fringing reefs off
Jamaica on the other hand are near vertical (Goreau et al. 1979) and would therefore be
classed as bypass margins. In the Red Sea, both bypass and escarpment margins occur
fronting the fringing reefs (e.g. Gvirtzman and Buchbinder 1978, Gabrie and
Montaggioni 1982, Downing 1985). Atoll environments also tend to have little
sediment storage because of steeply inclined slopes (= 40°) (Stoddart 1965, Scott and
Rotondo 1983). Reefs on shallow shelves will therefore have a greater potential for
sediment storage than those with steep fore-reefs.
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2.2.2 Reef Front Zone

The reef front is defined as occurring from water depths in which hermatypic corals
actively grow to the reef crest, and are characterised by active substrate addition. The
lower limit is called the Daly Point (Nobuyuki 1983) and can extend d o w n to 100 m
depth (James 1984). The morphology of this zone is varied with gradients from 10° to
vertical or overhanging (Hopley 1982). The reef front can be subdivided into two
sections based on the degree of Holocene accretion over antecedent topography. The
lower section occurs where recent growth tends to be localised and forms a veneer over
the pre-existing surface, enhancing its topography (Goreau and Land 1974, Hubbard et
al. 1986). The upper section is generally dominated by Holocene growth, and its
morphology reflects m o d e m processes.

Spur and groove features often characterise this upper section. They are composed of
linear, generally shore-normal coral ridges, 30 - 60 m wide, separated by sandy-bedded
channels, 3 m deep and 3 - 6 m wide (Shinn 1963) extending to a water depths of 10 60 m (Iryu et al. 1995). Spur and groove orientation usually intersects the reef crest at
an angle of 60 - 90° being determined by the mean wave direction (Sneh and Feidman
1980). Unconsolidated sand and gravel in the grooves restricts coral settlement and
growth thus confining framework accretion to the spurs (Shinn 1963). In the fast
growing Acropora palmata frameworks of the Florida Keys there is a large proportion
of void space. Infill of these voids with sediment is important in the accretion and
structure of the spurs (Shinn 1963). For example in the Red Sea, sedimentary infill of
voids reinforces the coral framework thereby providing a base for further branchingcoral growth. This process leads to a large difference between the net framework
accretion rates (0.5 mm/yr) and net reef accretion rate (1.2 mm/yr)(Hubbard et al.
1986). While coral growth is concentrated on the spurs erosion m a y also be
concentrated within the grooves thereby increasing their depth (Shinn et al. 1981).

2.2.3 Reef Crest

The reef crest occurs at the uppermost part of the reef-front in the area of maximum
wave energy. This zone has a high degree of intra-reef variability due to variations in
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wave energy. The reef crest consists of 0.6 m algal ridges on Bikini Atoll (Guilcher
1988) to Acropora thickets on Jamaican reefs (Goreau et al. 1979). Algal ridges tend to
characterise this zone in areas of moderate to high wave energy (Adey 1975, Geister
1977, Adey et al. 1977, Guilcher 1988). They are c o m m o n in the Indo-Pacific region
(Milliman 1974, table 44), generally being restricted to the high-energy windward sides
of reefs (Wells 1957). This can cause a morphological zonation around high islands
with fringing reefs due to a difference in wave energy, such as the Seychelles, Indian
Ocean (Lewis 1968), or across wide reef systems where inshore reefs are protected by
other reefs seaward (e.g. the Great Barrier Reef (Done 1986) or Eastern Martinique,
French West Indies (Adey et al. 1977)). Adey (1975) estimated algal ridge growth, in
the Caribbean, at 3 - 6 mm/yr although these features tend to be only a few metres
thick. Algal ridges on the Great Barrier Reef are different from those on mid-Pacific
atolls or high-energy Atlantic reefs. O n the outer shelf ribbon reefs, algae form a
relatively flat surface 200 m wide, while in the central and southern reefs a stepped
profile 200 - 400 m wide forms (Davies et al. 1985). These pavements appear to have
formed soon after the reefs reached sea level, material just below their surface being
older then 5000 years B P (Hopley and Isdale 1977, Veron and Hudson 1978). Ridges
20 - 30 m m high m a y occur on inner shelf reefs (Hopley 1982). The reef crest algae
appears to provide a supporting matrix to sediment which can overlie eroded reef
material or an older surface (Stoddart 1969, Hopley 1982) producing in situ frame and
bindstone facies (Tucker and Wright 1990). O n Indo-Pacific atolls, the algae often
develop over surge channels developing a room and pillar structure below the reef crest
(Wells 1957).

2.2.4 Boulder Zone

Accumulations of unconsolidated boulder material commonly occur on the algal
pavement separating it from the leeward reef flat. O n the Great Barrier Reef these
coarse deposits tend to develop on the higher energy windward sides of reefs (Hopley
1982). The boulders, comprising of angular coral clasts, m a y be cemented onto the reef
structure, and form either ramparts or a series of elongated domes perpendicular to the
reef front (Guilcher 1988). Acropora shingle, derived from the seaward reef front
communities, often forms reef-flat moated-pools in parts of the Great Barrier Reef
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(Hopley and Barnes 1985). Boulders up to 4 m have been described from the northern
part of the Great Barrier Reef, with the majority of material being storm derived
(Stoddart et al. 1978a, b). A high degree of erosion occurs within this zone with older
shingle, in particular, developing microphytokarstic architecture (McLean and Stoddart
1978) and still larger reef blocks are found on Pacific Reefs (Bourrouilh-Le Jan 1998).
These deposits are often elevated above sea level as they tend to be related to storm
activity (Hopley 1986).

2.2.5 Reef Flat

The reef flat occurs from behind the reef crest to the edge of the lagoon/back-reef or
the case of m a n y fringing reefs to the shoreline. It is generally the widest reef zone
ranging up to a few kilometres width. The morphology of the reef flat is a function of
the degree of intertidal exposure. O n those reefs where the zone is regularly inundated
coral growth can occur across the entire surface. For example on the stromatolite reefs
of Stocking Is., Bahamas, the reefflatis exposed for part of the tidal cycle, but also
continually washed by waves, allowing algal turf and cyanobacterial colonisation
(Macintyre et al. 1996). O n Grecian Rocks, Key Largo (Shinn 1980) and St Croix, U S
Virgin Is. (Adey 1977), the flat occurs below m e a n low tide and is colonised by
Acropora palmata. O n parts the Great Barrier Reef water cover is sufficient for corals
to develop a series of aligned and non-aligned zones across theflat(Hopley 1982).

In many fringing reefs the reef flat is exposed for much of the tidal cycle and is
inhospitable to coral growth. It often contains a thin cover (10's m m ) of sediment
(Flood and Scoffin 1978) with coralline algae being dominant in shallow areas
(Stoddart 1969, Hopley 1982). M a n y of the fringing reefs of the Great Barrier Reef are
exposed and are often covered by terrestrial sediment on their landward edge (Bird
1971, Hopley and Partain 1986, Johnson and Risk 1987, Partain and Hopley 1989). In
arid environments such as the Red Sea, the exposed reefflatextends all the way to the
shoreline with little or no sediment cover (Bouchon et al. 1981, Montaggioni et al.
1986). In Japan the width of the reefflatappears to be related to the depth of the lagoon
(Kan et al. 1995). A s the reefflatnarrows the lagoons width also decreases, although
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this also appears related to an overall reduction in reefal zonation with decreased
exposure and latitude (Nakai 1992, K a n and Hori 1993, K a n et al. 1995)

2.2.6 Lagoons

Lagoons often occupy a large proportion of total reef area. They are defined as shal
marine environments which are bounded on at least one side by a topographic high
(Milliman 1974). Lagoons m a y result from either a combination of morphological
inheritance from the underlying pre-Holocene platform or a concentration of Holocene
growth around the periphery (Hopley 1982). A s noted above, the depth of the lagoon
and its relation with the surrounding reef are essential in reef classification. Lagoonal
morphological and sedimentological character is strongly linked to the evolutionary
stage of the surrounding reef. The degree of reef maturity and it relationship to sea level
(Section 2.5.2) will have important effects on the depositional environment. These
factors combine to produce a wide range of lagoon environments. For example
Kapingamarangi Atoll, to the north east of Papua N e w Guinea, has a m a x i m u m depth of
73 m (McKee et al. 1959). The atolls of Bikini and Eniwetok average around 50 m
depth (Emery et al. 1954), while Suwarrow Atoll, Cook Islands, is up to 80 m deep
(Tudhope et al. 1985). Other mid-ocean atolls are shallower at 20 m on Mataiva (Adjas
et al. 1990) and 15 m on Cocos (Keeling) Is. (Smithers et al. 1994). Platform reef
lagoons of the Great Barrier Reef are m u c h shallower less than 20 m deep (e.g. Veron
and Hudson 1978, Hopley et al. 1981, Marshall and Davies 1982). Fringing reefs on the
other hand, by definition, have lagoons less than 10 m deep (Guilcher 1988).

Three types of lagoons were recognised by Milliman (1974) related to the amount of
lagoonal circulation; (1) normal lagoons where there is an open exchange of water with
the ocean, which includes most atoll lagoons, (2) brackish-water lagoons where the
circulation is strongly influenced by fresh water inputs from a neighbouring landmass,
such as Florida Bay, and (3) hypersaline lagoons, where circulation is highly restricted.
Examples of hypersaline lagoons include parts of the Great B a h a m a Bank and Shark
Bay, Western Australia (Milliman 1974). If the latter two lagoonal types develop during
a reefs evolution, they can produce adverse environmental conditions, such as elevated
temperature, turbidity and salinity, which m a y cause a cessation of coral, and hence reef
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growth. The reefs are essentially 'shot in the back' by their o w n lagoons, and stop
growing (Neumann and Macintyre 1985).

A wide range of sediments is found within reefal lagoons. The main components are
bioclastic skeletal grains derived from corals, coralline algae, calcareous algae
(predominantly Halimeda), molluscs, foraminifera, and non-biogenic grains such as
ooids, with minor other skeletal fragments such as polychaetes, bryozoans, and
echinoids. There is a large variation in the proportion of each individual component
found in lagoons on different reefs (Table 2.01). Spatial variability can also be seen
within individual lagoons, with foraminifera dominating sediments close to the reef,
and Halimeda being dominant in the deeper parts of the lagoon on Bikini Atoll (Emery
1948) and Kapingamarangi Atoll ( M c K e e et al. 1959). In shallower lagoons the
compositional variation is often m u c h less. For example on Tobacco Reef, Belize, the
proportion of Halimeda, coral, molluscs and foraminifera all vary within a 1 0 % range,
with the proportion each component contributes to the sediment being m u c h the same
from the reef crest into the lagoon (Macintyre et al. 1987). Grand C a y m a n Island is
another example where component composition generally varies by < 5 % across the
lagoon (Kalbfleisch and Jones 1998).

Table 2.01: Composition (%) of lagoonal sands for some Pacific reefs
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2.3 Factors Affecting Reef and Lagoonal Sedimentation

The sedimentary characteristics of a reef and lagoon depend on the source of material,
availability of sedimentary particles, i.e., the availability by transportation or in situ
production, the erodability, and chemical instability of the respective grains (Orme
1977). These factors can be subdivided into source, and transport-related factors.

In situ sediment accumulation often has close relation between live benthic
communities and underlying sediments (Noble et al. 1995, Pandolfi et al. 1995). For
example, sediments on the Capricorn Reef Complex (Maiklem 1970), Kapingamarangi
Atoll ( M c K e e et al. 1959), and Suwarrow Atoll (Tudhope et al. 1985) relate directly to
modern benthic communities. In fact, m a n y Pacific atoll lagoons have a concentric
distribution of sedimentary facies related to their life assemblages (Milliman 1974,
Adjas et al. 1990). Even in small lagoons sediments close to patch reefs have a good
correspondence between life and death assemblages. Gravel and sand in these settings
is closely related to its source (Frith 1983, Tudhope 1989, Chevillon 1996), more so for
the coarse gravel fraction (Debenay 1987).

The size and shape of these sediments will be primarily determined by their skeletal
characteristics (Stoddart 1969), this is especially the case for transported sediment.
M a n y reef organisms will break d o w n into discrete size populations. For example
Acropora cervicornis colonies will break along joint lines to form a - 60 gravel, which
then degrades based on the fibrose crystalline structure of coral to a 20 sand (Folk and
Robles 1964). The skeletal form therefore plays a very important role in the creation of
certain size fractions; which has been termed the 'Sorby Principle' by Folk and Robles
(1964). Other skeletal forms such as segmented (eg Halimeda); spicular (sponges) and
hollow tests (foraminifera) all often produce their o w n unique size range (Orme 1977).

Some common floral growth, such as seagrass and macroalgae, do not possess any
skeletal characteristics and are therefore not preserved in the sediments. Their presence
must therefore be inferred from the presence of other indicator species such as molluscs
(Noble et al. 1995, Perry 1996). This is important in a palaeoecological context, as
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m a n y lagoonal ecological zones are inhabited by seagrass and other non-preservable
species (e.g. Jindrich 1969, Lewis 1969).

Biological breakdown can affect final sediment composition through preferentially
destroying certain grain types and/or producing specific size ranges. Coral breakdown,
most commonly by sponge boring, is greatly affected by growth form (branching to
massive)(Musso 1992). Pandolfi and Greenstein (1997) observed that massive coral
forms appeared to have a greater degree of bioerosion than branching forms. This was
most probably due to the greater physical breakdown of branching corals before they
could be bored. In some cases, coral can be broken d o w n rapidly compared with other
reef-building organisms such as coralline algae, which thereby increases the relative
proportion of algae in the sediment (Maxwell et al. 1964, O r m e et al. 1974). While
destroying some grains, sponge borings can add significant amounts of sediment most
commonly in the m u d size range (20 - 63 microns) which are readily recognisable
under the scanning electron microscope (Hay et al. 1970, Stieglitz 1972, Futterer 1974,
Aker and Risk 1985). For example, up to 3 0 % of lagoonal sediment on the Fanning
Islands (Mid Pacific) is related to sponge borings (Futterer 1974). O n Grand Cayman
Island, sponges erode 2 0 % of the substrate while covering only 5 % of the total surface
area (Acker and Risk 1985). Microborings on Davies Reef, in the Great Barrier Reef are
estimated to breakdown 18 - 3 0 % of incoming material (Tudhope and Risk 1985).
Biological factors are therefore very important in affecting the final sediment
composition.

Chemical alteration of grains can also affect sedimentary composition. Grain
dissolution is often assumed to be the main alteration process and is concentrated in the
intertidal zone (Orme 1977) and occasionally on some patch reefs (Bosence 1985).
Micritization is probably a more important process, especially in the destruction of
sand-size grains. Micrite can be defined as a fabric of coherent carbonate crystals less
than a few microns in size. The typical mineral is opaque and structureless under the
petrographic microscope with a yellow or brown colour in transmitted light
(Alexandersson 1972, Macintyre and Reid 1995). The process of micritization does not
involve any change in the grains mineralogy (Alexandersson 1972). This
recrystallization occurs early in grain development often observable in live specimens
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(Bosence 1985, Macintyre and Reid 1995, 1998) where it can proceed as an advancing
front (Winland 1968, Macintyre and Reid 1995). This process weakens grains and
promotes breakdown of the sand-size fraction (Macintyre and Reid 1995). The chemical
breakdown of organic constituents of grains termed maceration can also aid in the
production of mud-size clasts (Alexandersson 1979, Farrow and Fyfe 1988).

The residence time of material at the reef or lagoon surface, where it is exposed to t
above potentially destructive processes will affect its usefulness in environmental
reconstruction (Davies et al. 1989, Perry 1996, Greenstein and Moffat 1996, Pandolfi
and Greenstein 1997). The longer a particular clast is exposed to processes that cause
skeletal breakdown the less likely that it will accurately reflect its depositional
environment. Therefore, areas of slow sedimentation where grains m a y have an
extended surface residence time will have a greater propensity for breakdown (Perry
1996, Greenstein and Moffat 1996). This means that m a n y lagoonal back-reef areas will
have poor potential for grain preservation (Perry 1996). This has implications for the
interpretation of lagoonal evolution as they often have old surfaces and low
sedimentation rates (Davies and Kinsey 1977, Tudhope 1989, Colby and Boardman
1989, Smithers et al. 1992). Rapid burial is therefore required for more complete
preservation (Scoffin 1981, Bosence 1985, Noble et al. 1995, Zuschin and Hohenegger
1998). Cementation/ encrustation of grains and resistance to chemical and physical
breakdown can also promote sediment preservation (Ginsberg 1956, Bosence 1985,
Noble et al. 1995). These factors become very important in reconstructing detailed
environmental histories. Interpretations of these materials are still extremely useful if
the sediments are not viewed as a detailed environmental indicator, but rather as a
general (time-averaged) summary of sediment development.

The lagoonal sedimentary record can also be influenced by bioturbation. Burrowing
fauna, such as the shrimp Callianassa, can significantly alter the size characteristics of
already deposited sediments. H u m m o c k y topography on the lagoon floor often indicates
intense biological activity (Roberts et al. 1981). Burrowing activity associated with the
mounds can significantly increase the potential sediment mobility of the lagoon floor
and in Great Pond Bay, St Croix Callianassa burrowing is the dominant process for
advecting sediment under normal and storm conditions (Roberts et al. 1981). This
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sediment movement tends to be restricted to specific size ranges (Tudhope and Scoffin
1984, Walbran et al. 1989). O n Davies Reef in the Great Barrier Reef Callianassa tends
to recycle fine-sediment into the lagoonal waters while rapidly burying gravel size
material (Tudhope and Scoffin 1984). This means that the gravel component is removed
from surface bioerosion and preserved thereby biasing the sedimentary record. This
process appears to be restricted to the top 0.6 m of the sediment and in depths of less
than 20 m (Tudhope and Scoffin 1984). It is therefore necessary to identify potential
indicators of bioturbation before any reconstruction of the depositional environment can
be made.

Direct interpretation of life assemblages based on the structure and composition of the
skeletal record needs to be undertaken with care. The fossil record is often cumulative
with long-term rather than short-term trends being preserved (Chesson and Huntly
1989, Noble et al. 1995). Pandolfi (1996) estimated that the total number of species
present on a reef at any one time is one third the potential available, indicating the
possibilities for large amounts of short-term change. Sedimentary records therefore
need to be analysed as long-term average of depositional environments rather than an
exact and detailed record of the life assemblage. These time-averaged sediments
therefore provide valuable information regarding the general environment of deposition.

2.4 Models of Reef Development
Fringing reefs, barrier reefs and atoll reefs are related in that they may represent
evolutionary stages of the same long-term developmental process. Darwin's (1842)
model of subsidence provides an explanation of the developmental stages of reefs from
fringing to barrier reefs to atolls. Fringing reefs are established around an island, which
is gradually subsiding. A s this central island sinks reef growth continues vertically
accreting, thereby maintaining the position of the reef crest at sea level. The area behind
this crest gradually deepens and widens as the central island sinks further below the sea
surface creating a barrier reef. Eventually the initial subaerial land completely sinks
below the ocean. Reef growth is, however, still maintained at the sea surface thereby
forming an atoll. The implication of the subsidence theory is that modern reef growth is
established over a sequence of shallow-water carbonates which m a y extend to great
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depth, which themselves overlie a central volcanic core. A n early reliance on surface
features to verify subsidence brought m a n y critics. Murray (1889a, b) suggested that the
morphology of reefs could be sufficiently explained by modern processes. Comparing
reef width and lagoonal depth he suggested that once a reef reached a certain size coral
growth would be inhibited within the centre and solutional processes would dominate,
leading to lagoonal development. This process of solution rather than subsidence would
be the main determinate of reef morphology. Guppy (1890) on the other hand suggested
that atolls could grow from depth and would not require gradual subsidence at all to
form.

Davis (1928) suggested that on a new volcanic island sediment would be rapidly eroded
which could prevent early reef colonisation. The coasts would be cliffed shedding a
large amount of sediment, and only w h e n subaerial erosion was largely completed
could fringing reef growth establish from where it would develop by gradual
subsidence. H e also suggested that there would be a sharp contact between the basalt
foundations and reef sediments which could be observed on raised islands, however this
proved to be an over simplification (Steers and Stoddart 1977).

The most conclusive proof of subsidence theory came almost 100 years later than
Darwin with deep atoll drilling in the Pacific. O n Bikini Atoll in the Marshall Islands,
holes d o w n to 780 m depth encountered shallow water limestones throughout (Emery
1948, Ladd et al. 1948), while on neighbouring Eniwetok Atoll basalt was encountered
at 1 k m depth underneath shallow water limestones (Ladd et al. 1953). Basalt has
subsequently been found on other atolls with French Polynesia such as Mururoa
(Baillard 1981, Bardintzeff et al. 1985). Darwins theory has been extended relatively
recently to include plate tectonic theory that was unknown at the turn of the century
(Scott and Rotondo 1983). This incorporates such factors as plate compression related
to subduction and lithospheric reheating which can elevate atolls thereby stranding reefs
above sea level (Scott and Rotonda 1983).

Daly (1948) suggested that sea-level fluctuations rather than gradual subsidence coul
determine the surface morphology of reefs. Marine erosion during low sea levels planed
off platforms which were later colonised at higher sea levels. This theory was used to
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explain the consistency of lagoonal depth with postglacial reef growth restricted to the
platform edge, an idea that was perpetuated by Weins (1962). Marine planation is
however too slow for this process to occur, with Pleistocene surfaces being found at
m a n y different depths worldwide (Stoddart 1969, Steers and Stoddart 1977, Hopley
1982, Guilcher 1988, M c L e a n and Woodroffe 1994).

Lowstand karst-erosion processes were stressed by Purdy (1974a, b), following from
Hoffmeister and Ladd (1944), suggesting that w h e n a reef was subaerially exposed
during lower sea level differential erosion created a karstic surface. Reef colonisation
during higher sea levels tended to concentrate on elevated parts of this old surface
exaggerating its topography. The variation in erosion is partly caused by the differing
resistance of surface facies to dissolution after exposure. Gradual subsidence of these
karstic surfaces means that a series of older reef building phases m a y be found beneath
the modern growth. The boundary between the Pleistocene and Holocene surfaces is
often called Thurber discontinuites (Thurber et al. 1965), and can be traced below
modern reefs. O n Bikini Atoll five older surfaces were found within the top 100 m of
the reef, of which four were recognised on Eniwetok Atoll (Tracey and Ladd 1974,
Szabo et al. 1985). O n the Great Barrier Reef the modern reef is established over a
Pleistocene foundation which often has a raised rim on which the modern reef crest is
established (Davies and Marshall 1979, Harvey and Hopley 1981, Searle et al. 1981,
Hopley 1982, Marshall and Davies 1982, Marshall 1983, Searle 1983, Symonds et al.
1983, Marshall and Davies 1983, Hopley and Davies 1986). The relation between
Holocene and Pleistocene accretion on an individual reef is similar to that postulated by
Purdy (1974), however, the regional evolution of the Great Barrier Reef did not develop
as karst marginal plain as he suggested (Searle 1981).

Subsidence is therefore a process which generally explains long-term reef evolution bu
not the development of surface morphology. The broad scale reef morphology, such as
the position of reef crest and lagoon, will most commonly reflect that of the Pleistocene
surface (Hopley 1982, Guilcher 1988). S o m e features such as blue holes can be directly
attributable to a karstic origin (e.g. Backshall et al. 1979, Mylorie et al. 1995). In other
cases, Holocene growth can create its o w n unique morphology. For example, large reef
accumulations in Tahiti (50 m , Montaggioni et al. 1997), and Mexico (33 m , Macintyre
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et al. 1979) do not appear to relate to a karstic morphology. The Houtman Abrolhos, in
Western Australia, has developed luxuriant constructional blue-hole morphology, over
aflatPleistocene surface (Zhu et al. 1993, 1995, Collins et al. 1996). John Brewer Reef
in the Great Barrier Reef is another example where Holocene reef growth is the main
determinate of surface morphology (Walbran 1994). It would therefore appear that in
many cases thefinalmorphology of recent coral growth is strongly affected by modern
processes which can enhance or overprint a pre-existing morphology.

2.5 Modern Reef Growth Processes

2.5.1 Mechanisms of Reef and Coral Growth

Coral growth rates can be calculated by measuring the linear extension of in situ li
colonies by x-ray radiographs of growth banding or Alizerin Red staining techniques.
Rates are highly species- and locality-dependent with branching forms having a far
greater growth rate than more massive forms. O n the Great Barrier Reef Acropora can
grow up to 200 mm/yr, while Pontes lobata varies from 4 to 13 mm/yr (Davies 1983).
In the Caribbean, the fastest recorded coral-growth rate is for Acropora cervicornis at
264 mm/yr (Neumann and Macintyre 1985). O n high-latitude reefs such as Bermuda
the massive species Pontes astreoides can grow at 1.4-3.6 mm/yr, while in Florida it
grows between 3.5 and 14.0 mm/yr (Logan and Tomascik 1991). The branching
Pocillopora damicornis has been recorded growing up to 39 mm/yr in the Red Sea
(Heiss 1995) and 35 mm/yr in the Eastern Pacific (Guzman and Cortes 1989).
Branching corals therefore grow m u c h faster than other forms, however they are also
more susceptible to breakage which has implications for reef development.

Coral growth rates do not however equate to reef growth rates; even though coral is
main framework builder. This is because reef growth is a combination offiveprocesses,
primary framework growth, secondary framework encrustation, erosion, internal
sedimentation and marine cementation (Scoffin 1987). This means that while coral
provides the primary framework, other sedimentary processes such as bioerosion and
storms actively destroy it, while secondary sedimentation, such as algae and
foraminifera, is required to infill this framework and provide a foundation for further
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framework growth. This means that reef-growth rates will be m u c h less than coralgrowth rates. Rates of reef growth m a y be measured in two ways. The first and most
widely used is to obtain samples by drilling and dating selected corals that appear to be
in situ. The age and depth of these samples can then be used to estimate the rate of reef
growth. The second method is to estimate the alkalinity of water moving across the reef
and thereby estimate the total calcification rate for the modern reef. This method has
been utilised on the modern reefs of the Great Barrier Reef (e.g. Kinsey and Davies
1979, Kinsey 1985), Red Sea (Heiss 1995), and the Houtman Abrolhos (Smith 1981)
but not for the older mid- to early-Holocene reefs. It is therefore generally not used for
reef evolutionary studies.

Some of the fastest reef growth rates have been recorded in the Acropora-dommated
Alacran Reef, in Mexico, at 12 mm/yr (Macintyre et al. 1979). A. palmata facies of
Galeta Point in the Caribbean also have high rates of up to 10.8 mm/yr (Macintyre and
Glynn 1976). At the southern limit of reef growth in the Indian Ocean on the Houtman
Abrolhos Islands, rates of growth have been estimated at up to 10.8 mm/yr (Collins et
al. 1993a, b). O n the Great Barrier Reef, leeward margins tend to have growth rates
between 8 and 15 mm/yr (Davies and Hopley 1983). Generally most reefs accrete at a
rate much less than these reefs. O n e Tree Is. has a growth rate of 3 - 7 mm/yr, while the
fringing reef on H a y m a n Is. grew at 3 - 5 mm/yr. Most fringing reefs have growth rates
of less than 7 mm/yr (Table 2.02). The rate of reef growth is therefore m u c h less than
coral growth. High reef-growth rates do occur within facies dominated by fast growing
coral species, but their presence will not always mean there is a rapid rate of sediment
accumulation.
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Table 2.02: Growth rates for some fringing reefs

Reef

Growth Rate (mm/yr)

Reference

Bai Harbour, Panama

0.6-4.9

Shinn et al. 1977

Fantome Is. Great Barrier Reef

6.7 (average)

Johnson and Risk 1987

Galeta Point, Caribbean

1.3-10.8

Macintyre and Glynn 1976

Hanauma Bay, Hawaii

0.29 - 2.92

Easton and Olson 1976

Hayman Is., Great Barrier Reef

2.9-5.0

Hopley and Barnes 1985

Isla Perez, Mexico

2.0-12.0

Macintyre et al. 1979

N e w Caledonia

1.4-21.1

Cabioch et al. 1995

Okierabu Is. Ryukyu Islands

0.6 - 6.0

Kan et al. 1995

Punta Isoltes, Costa Rica

0.9 - 8.3

Cortes et al. 1994

Uva Reef, Panama

1.6-4.2

Glynn and Macintyre 1977

2.5.2 Reef Growth in Relation to Sea-Level Change

Coral reef growth is intimately linked to sea level, accreting on its o w n sedimentation to
grow to or maintain a crest at the sea surface (Buddemeier and Smith 1988). A s sealevel rises n e w substrates for colonisation are created and the environmental conditions
for coral growth on already submerged substrates changes. The rate of this sea-level
change will affect the ability of a reef to maintain growth close to the ocean surface.
The rate of sea-level change has not been uniform worldwide since the last deglaciation,
with various transgressive patterns being recognised (Pirazzoli 1991). In the Caribbean
the rate of sea-level rise was around 5-6 mm/yr until 5000 years B P when the rate
slowed, with modern sea level being attained within the last 2000 years (Lighty et al.
1982, Fairbanks 1989). In the Indo-Pacific sea level rose at a rate of around 6 mm/yr up
to 6500 years B P when it reached a level close to present (Thorn and Roy 1985, Hopley
1986, Chappell 1987, Hopley 1987, Chappell and Polach 1991). There are indications
in the Pacific that sea level was up to 1 m higher than present during the mid-Holocene
(e.g. Pirazzoli 1991). This would m e a n that the surfaces of some reefs would be
undergoing erosion if they had attained the higher sea level, such as is suggested on
some Indo-Pacific Atolls (e.g. Eniwetok; Tracey and Ladd 1974, Buddemeier et al.
1975, Surrarrow; Scoffin et al. 1985, Tuamotus; Pirazzoli et al. 1988, M c L e a n and
Woodroffe 1994).
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The rate and timing of sea-level rise will directly affect reef growth. A s the water depth
increases above an accreting reef the environmental conditions will become less
favourable for coral growth, unless the reef crest has been exposed above the sea
surface whereby growth m a y be re-invigorated. Reefs tend to respond in three ways to
changing sea level. They either grow at a rate approximating that of sea-level rise
keeping-up with sea level, or lag behind the sea surface later to catch-up. In some cases
reef growth cannot be maintained and growth ceases and gives-up (Neumann and
Macintyre 1985).

Keep-up reefs are able to maintain the position of the reef crest relative to the sea
surface during a transgression. The rate of growth of the reef must therefore
approximate that of sea-level rise. This means that the slower the sea-level rise the
greater the ability of keep-up growth to occur. Keep-up growth has therefore been more
c o m m o n in the Caribbean than in the Indo-Pacific (Davies and Montaggioni 1985,
N e u m a n n and Macintyre 1985). These reefs are also characteristic of uplifting coasts
such as Barbados (Bard et al. 1990) and the H u o n Peninsula, Papua N e w Guinea
(Chappell and Polach 1991).

Fast growing coral species dominate keep-up reefs. Acropora palmata comprises the
bulk of the reefal structure in the Caribbean (Davies and Montaggioni 1985, Neumann
and Macintyre 1985). Galeta Point, Panama is a good example of a keep-up reef
(Macintyre and Glynn 1976, N e u m a n n and Macintyre 1985). The reef was established
around 7000 years B P and maintained growth close to sea level until it reached the
surface 2000 years BP. A. palmata dominated the reef for majority of its growth from
3000 to 6000 years B P with a mean growth rate of close to 4 mm/yr (Macintyre and
Glynn 1976). Keep-up reefs can also occur on stable coasts such as Tahiti (Bard et al.
1996, Montaggioni et al. 1995, 1997) and Western Australia (Collins et al. 1993a, b,
1997). Coralline algae appear to be structurally important in these reefs. O n the Papeete
barrier, Tahiti, microbial crusts, form up to 6 0 % of the framework (Montaggioni and
Camion 1993, Camion and Montaggioni 1994), while on the Houtman Abrolhos algal
bindstone facies often overlie the Acropora framework (Collins et al. 1993a).
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Reefs cannot always maintain growth at the same depth during a transgression. The rate
of sea-level rise m a y initially outpace that of reef accretion, especially in the initiation
stages, or substrate colonisation m a y occur at depth some time afterflooding.The delay
in reef colonisation can be related to adverse environmental conditions such as
increased turbidity and nutrification associated with initial flooding of the shelf (Davies
et al. 1985). These reefs then catch-up to the sea surface, and tend to form an overall
shallowing upwards succession (Neumann and Macintyre 1985, Guilcher 1988). Catchup growth is c o m m o n in the Caribbean forming from shallow substrates (Macintyre et
al. 1979, Davies and Montaggioni 1985), and dominates the Great Barrier Reef (Davies
and Hopley 1983). The thick Holocene reef at Isla Perez, Mexico, is one example
(Macintyre et al. 1979). Sand and rubble dominated the early stages of growth of this
reef until 5400 years B P accreting at 2.5 mm/yr. This rate increased to 6.0 mm/yr as
coral heads began to dominate the reef. The main phase of catch-up occurred when A.
cervicornis dominated between 4300 and 3500 years B P were the rate of reef growth
increased to 12 mm/yr (Macintyre et al. 1979). O n O n e Tree Island, in the Great Barrier
Reef, growth rates were similarly slow during the early stages of growth at 0.6 - 2
mm/yr, while the main phase of growth accumulated at around 6 mm/yr (Davies and
Marshall 1979, 1980). A similar pattern appears to be c o m m o n throughout the Great
Barrier Reef (Davies and Hopley 1983). Fast growing coral species, usually Acropora,
therefore appear to dominate catch-up reefs (Lewis 1968, Marshall and Davies 1984a,
b, Davies and Montaggioni 1985, N e u m a n n and Macintyre 1985, Guilcher 1988).

The rate of accretion during initiation appears to be important in the type of growth
will occur. Where the initiation phase is slow then reef growth can be outpaced by sealevel rise. Where initiation is rapid, such as on Fitzroy Reef, keep-up growth will occur
(Davies and Hopley 1983). Reef crests m a y also reach sea level at different times on the
same reef. This can lead to the development of multiple reef crests. For example a
double-reef crest occurs on Mangaia Is., Cook Islands, where the main catch-up reef
was stranded by a mid-Holocene sea-level fall. This initiated further offshore catch-up
growth producing two reef crests of different ages (Yonekura et al. 1984, 1986, 1988).

Some reefs that were established in the early Holocene are unable to continue active
accretion as sea level rose and were drowned. These reefs are classed as give-up reefs
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(Neumann and Macintyre 1985). Give-up reefs have not been positively identified on
the Great Barrier Reef (Davies and Montaggioni 1985), although there are indications
of submerged barriers on the edge of the shelf (Harris and Davies 1989). Give-up reefs
are c o m m o n on the shelf margins of the Caribbean where they form linear ridges,
mounds and terraces (Macintyre 1972, Goreau et al. 1979, N e u m a n n and Macintyre
1985, Macintyre et al. 1991, Toscano and Lundberg 1998). The surface of these reefs is
covered by cemented pavements, which overlie coral head and Acropora facies
(Neumann and Macintyre 1985). The branching-coral growth rates average between 6.6
and 10.7 mm/yr (Lighty et al. 1978). The rate of accretion has the potential to maintain
keep-up or catch-up growth, nevertheless many reefs in the Caribbean ceased growing
7000 years B P . It is therefore surprising, given these accumulation rates, that reef
drowning would occur (Schlager 1981).

Two factors have been suggested to cause reef give-up. Reworking of weathered
surfaces would increase shelf turbidity which can adversely affect reef growth (Lighty
et al. 1978). The second factor is rapid sea-level rise where isolated periods of
'catastrophic', > 45 mm/yr over 150 - 300 years (Blanchon and S h a w 1995), could
outpace reef growth causing give-up. O n e response of reefs to this is to back-step
upslope abandoning deeper areas of growth (Blanchon and Jones 1995, Locker et al.
1996, Toscano and Lundberg 1998). Within open ocean atolls this process can cause
complete cessation of growth as there m a y not be any shallower substrate available
(Grigg 1997).

The interpretation of any deep non-vertical accreting reef as a Holocene age give-up
reef requires detailed dating control. Blanchon and Jones (1997) describe shelf-edge
reefs that are vertically limited by active erosion by modern storms, while other reefs
m a y infact relate to interstadial highstands around 80,000 years B P (Ludwig et al.
1996).

A second type of give-up reef can occur related to sea-level fall and emergence of the
reefflat(McLean and Woodroffe 1994) causing growth to be concentrated on the reef
front. Microatolls exposed at low tide are characteristic of these reefs and are c o m m o n
in the Indo-Pacific (Woodroffe et al. 1990a, b, M c L e a n and Woodroffe 1994). Moating
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on the reef crest (Hopley 1982) can also cause elevated microatolls and care therefore
must be taken in interpreting these features as a give-up signature. Reefs that have been
growing at sea level are therefore very susceptible to this form of reef give-up.

2.6 Models of Fringing Reef Development
Fringing reefs represent the earliest stages of Darwinian evolution; however, their
modern morphology depends on the nature of sea-level rise, the antecedent surface and
the ecological communities that contribute sediments. Subsurface drilling and
radiocarbon dating have enabled the growth history of fringing reefs to be calculated,
often through the construction of isochrons. Isochrons are imaginary lines that are
constructed through a reef based on dated depth intervals. A s these lines connect areas
of similar age, they are used to represent the morphology of the reef through different
evolutionary periods. Isochron diagrams have been constructed based on original
published section and where possible redrawn to a c o m m o n scale and presented in the
following synthesis.
The studies of fringing reefs at H a n a u m a Bay, Hawaii (Easton and Olson 1976) and
Galeta Point, Panama (Macintyre and Glynn 1976) remain classical with a well-dated
sequence of 10 cores with 63 radiocarbon dates, and 13 cores with 32 radiocarbon
dates, obtained respectively on these reefs. These well-dated sequences m e a n that the
reefs age structure can be accurately estimated. The resulting isochron diagrams (Figure
2.03) therefore represent the morphology of the reef at various time intervals during its
evolution.

Figure 2.03: Reef cross section for a) Hanauma Bay (after Easton and Olson 1976) and b) Galeta Point
(after Macintyre and Glynn 1976), showing isochrons of reef growth based on drill data (vertical lines).
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The fringing reef in H a n a u m a Bay is 90 m wide and extends from the shoreline to a
seaward algal rim elevated 300 m m above the back-reef. Porolithon algae presently
dominate the reef. Porites coral growth is abundant on the deeper portions of the reef
around 10 m depth. Scattered Pocillopora, Porites and Cyphastrea occur on the reef
flat. The reef initiated 7000 years B P over mixed tuffs and basaltic sand. The early
stages of reef growth between 7000 and 5700 years B P , had little vertical accretion with
its morphology strongly reflecting the antecedent topography. The main phase of
growth occurred between 5700 and 3500 years B P , vertically accreting at a rate of 2.9
mm/yr. During this phase of vertical growth sedimentation was sufficient to begin to
mask the antecedent topography. From 3500 years B P to present only 1 m was added
vertically however the reef prograded seaward at a rate 22 mm/yr.

There appears to have been little potential for lagoonal development in Hanauma Bay.
Coral grew uniformly across the tuffs and grew towards sea level as a continuous
surface. This meant that no deep back-reef depression could occur. Easton and Olson
(1976) suggested that the reef kept-up with sea level, and they produced a sea-level
curve based upon the coral dates. Montaggioni (1988) suggested that this reef grew in
water depths of 2 - 3 m and the curve produced is in fact a reef growth curve. Recent
evidence of a mid-Holocene highstand on Hawaii (Fletcher and Jones 1996, Grossman
and Fletcher 1996, Grossman et al. 1998), though dismissed at the time by Easton and
Olson (1976) suggests that the higher sea level interpretation is correct and Hanauma
Bay is a catch-up reef.

The Galeta Point fringing reef is wider than Hanauma Bay, being up to 200 m wide and
contains 14.3 m of Holocene reef established over a Miocene calcareous siltstone
(Macintyre and Glynn 1976). Macroalgae and seagrass dominate the surface of the reef,
with the main carbonate secreting organisms being coralline algae and Halimeda. The
subsurface facies of the reef are, however, dominated by Acropora palmata and
massive corals. T w o transects were drilled across the reef, one across the reef front
(outer transect) and the second across the back-reef area (inner transect) (Figure 2.03).
Like H a n a u m a Bay, the reef at Galeta Point initiated around 7000 years B P , with the
early stages of accretion mirroring the antecedent topography. Coral heads dominated
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the initial phase of growth between until 6000 years B P with a rate of accretion of
around 3.9 mm/yr. F r o m 6000 to 3000 years B P A. palmata dominated the reef
accreting at a rate of between 1.3 and 10.8 mm/yr, masking the antecedent topography.
Coral heads and detritus replaced the Acropora after 3000 years B P with the extant
reef-flat facies developing at around 2000 years B P . Little accretion appears to have
occurred after 2000 years BP.

The back-reef area of Galeta Point contains a large amount of detritus with no reef
framework being found in the landwardmost core. This back-reef depression appears to
be related to the Miocene carbonates. A large amount of relief is present in the preHolocene surface with it rapidly deepening below the landward two cores in the inner
reef transect. Initial reef growth was concentrated on the reef front. This allowed the
back-reef to become a depositional area for soft sediment. This sediment appears to
have started accumulation when the rapid growing Acropora facies began to dominate
the reef. The slower rate of sea-levelrisein the Caribbean (Section 2.5.2) meant that
this reef could maintain keep-up growth, as opposed to the reef at H a n a u m a Bay in
Hawaii even though the top of the reefs are a similar age.

The rate of accretion for Galeta Point is similar to other Caribbean reefs. On the Bel
Barrier, Macintyre et al. (1981) calculated growth rates of 1.4 - 8.3 mm/yr for coral
head facies and 1.1 - 2.1 mm/yr for Acropora cervicornis facies. The slower rate for the
A. cervicornis was attributed to breakage and transport during storms (Macintyre et al.
1981). The rate of growth of A. cervicornis on Alacran Reef, Mexico, is m u c h higher up
to 12 mm/yr. The Alacran Reef is one of the thickest in the region at 33.5 m . The reef is
a catch-up reef with a steadily increasing growth rate from its initial rubble facies (2.5
mm/yr) through coral head (6 mm/yr) and to Acropora (12 mm/yr) until it reached sea
level when the reefflatfacies (2 mm/yr) developed which slowed growth (Macintyre et
al. 1979).

The rate of fringing reef accretion on the Pacific coast of Panama is also similar to
Galeta Point (Glynn and Macintyre 1977). M e a n growth rates for the reefflatrange
from 1.3 - 4.2 mm/yr. The m a x i m u m growth occurs in the upper fore-reef slope at a
rate of 7.5 mm/yr, and possibly as high as 1 4 - 2 1 mm/yr over brief periods (Glynn and
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Macintyre 1977). The initiation of these reefs was later than on the Caribbean side
occurring between 4500 and 5600 years BP. The reefs also appear to be dominated by
Pocilloporid corals. These similar rates are interesting given the different biogeographic
zones and sea-level histories of the two areas.

On the Great Barrier Reef many of the inner shelf high-islands, and those parts of th
coast away from river discharges, contain fringing reefs. H a y m a n Island is one such
reef which was established on a weathered Pleistocene surface 9500 years B P (Hopley
et al. 1978, 1983). The reef is a m a x i m u m 20 m thick and is dominated by Acropora.
The reef accreted at a rate of 4 - 5 mm/yr beneath the reef crest and 3 mm/yr beneath
the reefflat.The higher growth rate at its seaward margin has meant that a small backreef depression around 3 m deep occurs, with slightly more shingle present than the reef
crest cores, suggesting that framework growth was less active. Isochrons generally
follow the antecedent surface (Figure 2.04). The reef caught-up to sea level at 4000
years B P (Hopley et al. 1978, 1983), with a growth pattern similar to Hanauma Bay.

Figure 2.04: Isochrons (years B P ) of growth for H a y m a n Is. based on drill data (vertical lines), Great
Barrier Reef (after Hopley et al. (1978).

Fringing reef growth on the Orpheus Island began around 7000 years BP reaching sea
level by 6250 years B P when the inner reef-flat developed (Hopley and Barnes 1985).
By 5500 years B P the reef had begun to prograde seaward developing a second reef flat.
The seaward part of the reef is dominated by Porites ( 6 0 % framework); however, the
landward two drill holes contain only 4 0 % framework, being dominated by cemented
Acropora shingle. The rate of growth, 4 mm/yr, is similar to that on H a y m a n Island;
however, the depth of the pre-Holocene surface, around 6 m , is m u c h less (Hopley and
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Barnes 1985). The resulting isochron (Figure 2.05) pattern is more complex with initial
growth veneering the antecedent surface and later ones being parallel with the reef
front. Seaward progradation therefore appears to have been dominant since 6000 years
B P when the reef crest reached sea level. Rates of seaward progradation have been 50 100 m m / y r on the leeward side and 500 mm/yr on the windward side of the island
(Hopley et al. 1983, Hopley and Barnes 1985).

>>?&>^

>n>

^~Tm
2000

5000
Terrigenous Boulders

3000

f?

"

^

6000

^977

TJ- 7000

4000

5 m-

5000

Northern Seel on

1
[00m

Southern Section

Figure 2.05: Reef section for the northern and southern parts of Orpheus Is., Great Barrier Reef showing
evolutionary isochrons based on drilling data (vertical lines) (after Hopley and Barnes 1985).

The southern part of the reef on Orpheus Is. is much younger. It was accumulating at
least by 5600 years B P , however the reefflatdid not become established until 3600
years B P (Hopley and Barnes 1985). This part of the reef accreted at a similar rate of
1.3 - 4.7 mm/yr, but in situ framework accounted for less than 2 0 % . Hopley and Barnes
(1985) suggested that the detrital foundation for this reef was derived from the north,
which means that the northern reef had to grow to the surface and laterally shed
sediment before the southern reef could initiate. The age structure is therefore different
to the northern reef. Isochrons dip seaward and older surfaces are buried by younger
sediment, m u c h like the catch-up reef on H a y m a n Island (Figure 2.04).

O n the leeside of Orpheus Island in Pioneer Bay the reef initiated along the shoreline
shortly after 7000 years B P providing a prograding biogenic sand and shingle wedge
over which a thin framework unit has developed (Hopley et al. 1983). The vertical rate
of growth of the framework units was between 2 and 6 mm/yr decreasing seaward
however the detrital units accumulated at a greater rate of 12 mm/yr (Hopley et al.
1983).
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Fringing reef growth rates on Fantome Island are greater than the previous Great
Barrier Reef fringing reefs, with an accumulation rate at its seaward edge of 6.7 mm/yr
(Johnson and Risk 1987). The reef was established around 5500 years B P on
Pleistocene alluvium close to sea level. With little vertical space to infill, the reef has
prograded seaward. The resulting age structure is characterised by seaward dipping
isochrons paralleling the reef front morphology, with older sediments being exposed at
the surface of the reef (Figure 2.06). The elevation of the reef increases towards the
shore which Johnson and Risk (1987) attributed to a mid-Holocene sea-level fall.

Figure 2.06: Cross section of Fantome Is., Great Barrier Reef, showing isochrons based on drill cores
(vertical lines)(based on Johnson and Risk 1987).

Other fringing reefs on the Great Barrier Reef tend to be thin, generally less than 7 m
thick, often developed over non-reefal sediment (Hopley et al. 1983). Their rate of
growth is typically between 1 and 5 mm/yr, but with higher rates up to 15 mm/yr being
indicative of high-energy cyclonic events (Hopley and Partain 1986). A mid-Holocene
sea-level fall of a few metres has had a major influence on the evolution of many reefs,
especially those attached to the mainland. This has caused emergent reef platforms to
form (eg Yule Point, Bird 1971), and the reef flat to dip towards modern sea level
(Partain and Hopley 1989).

In the southern part of the Great Barrier Reef the fringing reefs appear to be highly
detrital being established over hard substrates of Pleistocene reefs, calcarenite, and
crystalline rock (Kleypas and Hopley 1992). Framework units tend to be confined in the
upper 1 - 2 m of the reef. These reefs initiated around 8000 years B P reaching sea level
bewteen 5000 and 6500 years B P , generally earlier on the inner to mid shelf compared
with the outer reefs. Growth rates are generally around 5 mm/yr (range of 1.7 - 11.8
mm/yr). The lack of framework material compared with reef to the north appears to be
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related to the effectiveness of the outer reef as a barrier to high-energy conditions
(Kleypas and Hopley 1992).

Lateral progradation dominates the fringing reef growth in Phuket, Thailand. Here reef
are composed of a framework of Porites corals, which advance seaward through a
process of block toppling (Tudhope and Scoffin 1994). The reefs initiated close to the
land approximately 6000 years B P at sea level and have prograded seaward at a rate of
between 17 and 80 mm/yr. The reefs are developing over a m u d d y substrate which is
still accreting. T h e incorporation of this m u d within the reef causes the larger
progradation rates. A s lateral progradation is dominant, isochrons (Figure 2.07) parallel
the reef front, with the oldest ones intersecting the reef surface. These reefs also appear
to have been affected by a mid-Holocene sea-level fall, with the shoreward parts,
between 5200 and 3000 years B P , being elevated 0.8 m above the reef front (Scoffin
and Le Tissier 1998).

Figure 2.07: Schematic cross section of the fringing reefs at Phuket, showing isochrons of growth based
on evolutionary model of Tudhope and Scoffin (1994).

A relative sea-level fall can also cause a reinvigoration of reef growth. On Mangaia I
Cook Islands, a mid-Holocene reef which had caught-up to sea level between 4000 and
3400 years B P was stranded at +1.7 m by a sea-level fall (Yonekura et al. 1984, 1986,
1988). This emergent reef had been laterally accreting since the reef-flat formation;
however, after stranding growth was concentrated on the reef front. A second catch-up
reef formed reaching modern sea level at 2000 years B P . This created a double reef
crest morphology, each crest with its o w n back-reef area of unconsolidated sediment
(Yonekura et al. 1984, 1986, 1988)(Figure 2.08). A similar process is suggested to have
occurred in the Mariana Islands (Kayanne et al. 1988). The rates of growth of the
emergent crests appear to be m u c h greater than the recent ones, with rates of 3 - 14
mm/yr and 1 m m / y r respectively on Rota Is., Mariana Islands, even though both reefs
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are dominated by Acropora

humilis and A. digitifera (Kayanne et al. 1988). The

emergent reef appears to contain a back-reef depression which generally does not occur
on the extant reefs. Other emergent reefs such as Suwarrow Atoll (Scoffin et al. 1985)
do not develop these multiple crest with the reefs prograding seaward m u c h like many
of the fringing reefs of the Great Barrier Reef.
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Figure 2.08: Evolutionary model for Mangaia Is. (modified from Yonekura et al. 1988), Cook Islands.
Insert shows drilling data (combined with surface mapping) that the model was based on. Insert scale is
the same as figures 2.03 - 2.12 for comparison with other reef growth strategies.

Fringing reef growth in the Ryukyu Islands, south of Japan, contains m a n y shoreattached reefs. Unlike the Phuket reefs which were initiated at sea-level most of the
reefs in the Ryukyus initiated below modern sea level. O n Okierabu Is., some
lagoonless narrow reef flats (< 100 m ) occur which have kept-up with sea-level since
initiation 7050 years B P (Kan et al. 1995). The age surfaces during accretion (Figure
2.09) mirror the antecedent morphology suggesting a sub-horizontal reef-flat surface
occurred through its entire evolution. Growth rates were around 6 mm/yr until 5500
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years B P , at which time the reef grew to within 2.5 m of the sea surface. Growth rates
then slowed to 0.6 mm/yr. Acropora species dominate the reef and there appears to be a
lack of surface zonation throughout its evolution (Kan et al. 1995). There was little
opportunity for lagoonal development as the reef grew across the entire antecedent
surface at m u c h the same rate.
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Figure 2.09: Reef isochrons for a reef on Okierabu Is. derived from a channel excavated through the reef
(after Kan et al. 1995).

Fringing reef development on Minna Island to the north of Okierabu Island initiated
offshore from the coast and developed a small lagoon (Kan and Hori 1993). The reef
was initiated around 5000 years B P , and developed through a "dam-up" stage when the
reef crest grew to sea level damming a back-reef lagoon. After attaining sea level, the
reef then began to expand laterally forming a reef flat. Vertical reef growth rates are
between 1.6 and 2.5 mm/yr, while the reef flat laterally accreted at a rate of 37.2 - 45.1
mm/yr since 5000 years BP. It is during this period of reef-flat accretion that the lagoon
was almost completely infilled. Since 4000 years B P the structure of the reef has been
complicated by catch-up growth of seaward reef spurs which have subsequently
attached to the reef front (Kan and Hori 1993). This process of spur attachment has also
been described elsewhere on the Ryukyus (Kan et al. 1997). The growth of Minna
Island was described from a section cut into the crest rather than by reef drilling. A
block diagram of evolution is shown in figure 2.10 compared with Okierabu Island
which shows the difference in reef accretion between these reefs leading to the
development of a lagoon on Minna Island.
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100 m
Figure 2.10: Block diagrams of evolution for a) Minna Island b) and China Reef, Okierabu Island. The
pre-Holocene surface on China Reef has constrained reef growth with no lagoon developing. Minna
Island, has a small lagoon developed related to growth of the reef crest. Modified from Kan et al. (1995)

Kume Is. to the south of Minna and Okierabu Islands grew faster than the previous two
reefs, which led to the development of a small back-reef depression (Takahashi et al.
1988, K a n et al. 1991). The reef initiated at 7500 years B P and grew at a rate of 10
mm/yr until 6500 years B P with growth mirroring the antecedent topography (Figure
2.11). Growth rates slowed to 3 mm/yr after 6500 years B P but was restricted to the
seaward edge of the reef so that by 5500 years B P the reef crest had caught up to sea
level faster than the back-reef area resulting in a small lagoon. This lagoon was infilled
during the phase of reef-flat formation. Reef growth after 5000 years B P appears to
have occurred during a period of relatively higher sea level and is n o w stranded above
present sea level (Takahashi et al. 1988, Kan et al. 1991).

Figure 2.11: Growth pattern for K u m e Is. based on drill cores (vertical lines) (after Takahashi et al. 1988
andKanetal. 1991).
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A similar growth pattern to that which is on K u m e Is. occurs on Kikai Is., one of the
most northern Ryukyu Islands, however higher growth rates in the mid-Holocene did
not produce enough relief for the development of a back-reef depression (Figure
2.12)(Konishi et al. 1983, in Kayanne 1992). Elevated Holocene reefs appear to occur
all around Kikai Is. (Webster et al. 1998). These reefs have accumulation rates of 3 - 4
mm/yr growing in both keep-up and catch-up modes. Webster et al. (1998) suggested
the main influence on reef growth around this island has been periodic relative sea-level
fall, related to tectonic uplift. This process has produced a series of four terraces
elevated above modern sea level. The tectonic setting of Ryukyu Islands would suggest
that crustal uplift might have occurred on all reefs.

Figure 2.12: Isochrons for Kikai Island based on drill data (vertical lines)(after Konishi et al. 1983 in
Kayanne 1992).

Kan et al. (1997a), in discussing the evolution of shore-attached elevated and extant
Holocene reefs in the central Ryukyu Islands, stressed the possible importance of highenergy processes in affecting reef evolution. Unconsolidated detritus rather than in situ
framework dominates the internal structure of m a n y fringing reefs worldwide. Highenergy events can often m o v e large amounts of reef and lagoonal material (Kobluk and
Lysenko 1992, Scoffin 1993, Dollar and Tribble 1993, Li et al. 1997). Often this
process is associated with areas of abundant coral growth, which can quickly colonise
any accumulation. This can lead to the development of reefs which contain stormdeposited rubble rather than in situ framework (Shinn et al. 1977, Blanchon and Jones
1997, Blanchon et al. 1997). Rubble-dominated reefs have been described in detail
around Grand C a y m a n Island (Blanchon and Jones 1997, Blanchon et al. 1997)(Figure
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2.13). They tend to be small and have enough relief that small lagoons up to 5 m deep
develop behind them. Detailed internal stratigraphy has not been described for these
reefs due to a lack of drilling data. From the suggested evolutionary model (Blanchon et
al. 1997), they appear to be similar to the keep/catch-up reefs in that older material is
generally buried within the reef, and not exposed on the surface. Storm processes,
where surface coral communities are continually broken and reworked by storms into
the reef matrix, dominate accretion. The rubble is then stabilised during subsequent
quiet periods by the next generation of reef-top flora and fauna. The rate of
accumulation of these reefs will therefore be variable, related to storm frequency, and
hard to determine because of the allochthonous nature of the deposited material.

Figure 2.13: General age structure of a rubble dominated reef. Note that the allochthonous nature of
boulders on these reefs will mean that age structure would be hard to define.

2.6.1 Fringing Reef Growth Synthesis

Fringing reef growth worldwide appears to produce a range of reef structures and
morphologies that are affected by relative sea-level movements, coral growth, the
morphology of the antecedent surface and the regional storm climate. There does not
appear to be a simple relation between growth stage and accretion rates (Davies and
Montaggioni 1985, Montaggioni 1988, Cabioch et al. 1995) with most fringing reefs
having mean growth rates between 2 - 7 mm/yr.

General classifications of fringing reef growth morphology are sparse. Partain and
Hopley (1989) produced a structural classification of fringing reefs for the Great Barrier
Reef. This model was partly based on the morphology of the antecedent surface and the
input of detritus in the reef structure. They classified three broad types; 1) reefs
dominated by framework developed over a bedrock, 2) reefs established over a
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terrigenous sedimentary unit with a central reef framework and prograding detrital
carbonate unit, and 3) reefs with an offshore framework and a back-reef infilled with
interfingered terrigenous and unconsolidated reefal sediment. This model is useful in
establishing the relation between reefal and non-reefal sediment. Chappell et al. (1983)
suggested two potential fringing reef growth patterns for the Great Barrier Reef (Figure
2.14). Thefirstmodel has a reef structure dominated by lateral accretion from the time
of initiation. The isochrons intersect with the reef surface, which progressively gets
younger towards the sea. This general accretion pattern is indeed c o m m o n on m a n y of
the fringing reefs of the Great Barrier Reef, and Phuket.

Figure 2.14: Models for fringing reef evolution on the northern Great Barrier Reef related to reef
sedimentation and sea level fall (based on Chappell et al. 1983).

The second suggested growth form is more complex. Keep-up growth appears to
concentrate on topographic highs in the pre-Holocene surface growing vertically to sea
level. Later sedimentation then infills the depressions between the keep-up reefs. This
pattern does not appear to be very c o m m o n , from the chronostratigraphic data available
(reviewed above). M a n y reefs that have early growth mirroring the antecedent surface
tend to develop a smoother morphology by the time the crest reaches sea level. In some
cases growth can be concentrated in the reef crest which allows this surface to reach the
sea surface first, however lateral accretion often rapidly infills any topographic lows.
The c o m m o n growth pattern within these reefs is that growth initiated at depth and the
reef subsequently grew towards the sea surface. Younger sediments therefore bury the
older parts of the reef.
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The model proposed by Chappell et al. (1983) incorporates a relative sea-level fall by
assuming that the reef crest will gradually lower with the sea surface. This does occur
on some reefs; however, it can also lead to a reinvigoration of seaward coral growth.
This can lead to the development of a more complex reef pattern as seaward catch-up
reefs later merge with the reef crest. The resulting reef structure (Figure 2.15) will
young towards a point between the n e w and old reef crest, as well as seaward from the
new crest. Often detritus will dominate between the two reef crest surfaces.

Figure 2.15: General age structure of a fringing reef where a seaward catch-up reef has joined an earlier
Holocene reef crest leading to the development of a double reef crest.

Fringing reefs can also develop as storm rubble such as reefs in the Caribbean (Figure
2.13). Detailed subsurface sedimentary data is lacking from these reefs; however, they
most likely young landward with the reef-front isochrons having an angle similar to the
antecedent surface. Y o u n g material will be reworked from the surface of the reef by
storms and transported landward. A s the reef colonises this material the whole structure
will progressively extend landward.

2.7 Models of Lagoonal Evolution
The surface morphology and sedimentology of lagoons has been well-studied (see
section 2.2.6); however, investigations of the subsurface stratigraphy, and hence their
evolution have been fewer. In m a n y reef studies the lagoon is seen as a passive
sediment depositional centre and not considered in the overall evolution of the reef,
despite the important role of the lagoon identified by N e u m a n n and Macintyre (1985) in
reef give-up (shot in back scenario).

The most detailed study on reefal lagoons has been conducted on the platform reefs of
the Great Barrier Reef. A general model of lagoonal evolution has been developed for
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Davies Reef, in the Great Barrier Reef, comprising both infill and reef-crest growth by
Tudhope (1989). Three stages of evolution can be identified in this model, an initial
flooding, surrounding keep-up/catch-up reef growth, and lateral reef progradation at sea
level (Figure 2.16). A n almost continuous reef rim surrounds the lagoon on Davies
Reef, 6.2 k m long and 3 k m wide. The lagoon is 5 - 25 m deep and contains abundant
patch-reef growth, some of which has reached sea level, while others are submerged in
3 - 5 m of water. Virtually the whole lagoon floor lies below modal wave base,
however shallower than 20 m the sediments are mobile due to bioturbation by
Callianassa shrimps (Tudhope and Scoffin 1984, Tudhope 1989).

The initial flooding of the antecedent surface and coral colonisation across the entir
platform represents the first stage of lagoonal evolution (Figure 2.16). Elsewhere on the
Great Barrier Reef, it has been observed that reef growth lagged by at least a few metres
behind sea level (Hopley 1982, Davies 1983). The implication for Davies Reef is that
open-water circulation would have dominated the proto-lagoon maintaining a wellflushed environment. Coral growth was prolific across the entire platform, but was
presumably concentrated on the high-energy windward margin. Sedimentation would
primary have been autochthonous, mainly as a vertically accreting framework with
reworking of sand and gravel into low-lying areas. A n y fine material produced would
be reworked out off the platform and onto the shelf. A basal coral gravel layer overlying
an in situ reef framework is characteristic this period of evolution (Scoffin and Tudhope
1988). Tudhope (1989) suggested that Kennedy Shoal, north west of Davies Reef, could
be a modern analogue for this early stage of development. This period of evolution
probably occurred on Davies Reef until 4000 years B P when the reef crest reached sea
level. Estimating the age of initiation of this unit is difficult. Most sampling techniques
either do not retain the unconsolidated gravel or penetrate only the upper few
centimetres. This means that only the youngest material is sampled which will therefore
give a m i n i m u m age of deposition.

Open Circulation Stage: High-energy open ocean environment.
In situ coral growth and gravel deposition.
Sea level still rising, or reef in catch-up m o d e

Restricted Circulation Stage: Low-energy lagoon environment.
Lagoonal coral 1 growth restricted to patch reefs. In situ m u d and gravel deposition.
S o m e sediment transport from reef top.
Reef crest close to sea surface.

Infill Stage: L o w energy in centre, wave reworking of seaward edge.
Sand sheet progradation from windward side, highly restricted lagoonal coral growth, some in situ
m u d and gravel deposition. Fines from the reef flat reworked and deposited in deeper parts of lagoon.
Reef Crest at sea level, development of reef flat.

Vertical exaggeration = 10
/ / Main sediment supply
T3~ Turbulant water
0
20 m

•

Poorly sorted muddy-sand with infaunal molluscs
(<5 wt. % framework derived gravel)
Very poorly sorted gravel-rich muddy sand
(5 - 30 wt. % framework derived gravel)
Coral gravel with interstitial mud and sand
(>30 wt. % framework derived gravel)
Reef Framework

Figure 2.16: Model for lagoonal infill on Davies Reef, the Great Barrier Reef, Australia (based
on Tudhope 1989).
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The second stage of lagoonal evolution occurs as the reef rim approaches sea level and
begins to restrict lagoonal circulation. The reduction of energy within the lagoon has a
profound affect on sedimentation. Carbonate material produced on those parts of the
rim at sea level can no longer remain in situ and is broken d o w n by bioerosion and
physical erosion into m u d , sand and gravel and transported into the lagoon (Tudhope
1989). The increase in allochthonous fine-sediment deposition causes a decline in
lagoonal coral growth restricting it to patch reefs that have maintained growth above the
accumulating sediment. Autochthonous framework-gravel deposition tends to
concentrate around the patch reefs, with infaunal gravel production occurring across the
lagoon, the latter composing around 5 % of the sediment. The resulting sediments will
tend to be a poorly-sorted gravelly-mud. O n Davies Reef, this process began around
2500 - 3000 years B P , accreting at a rate of 1.4 mm/yr from 2400 to 640 years BP.

As the surrounding reef structure reaches and grows at sea level there is a general
switch from vertical to lateral accretion (Figure 2.16). The widening reef flat becomes a
source of larger volumes of sediment transported into the lagoon (Tudhope 1989). The
more extensive reef-flat development restricts lagoonal circulation further, which is
highly adverse to lagoonal patch-reef growth. Only those patch reefs furthest above the
sediment surface will maintain accretion, the rest become buried in the accumulating
sediment. The tops of some of these buried reefs are still visible on the modern surface
on Davies Reef (Tudhope 1989). Coarse sediment tends to be restricted to the edge of
the lagoon whilefinermaterial is continually reworked into the lowest energy central
sections. O n Davies Reef this period is associated with an increase in the sedimentation
rate to 3.4 mm/yr (over the past 640 years)(Tudhope 1989). This process will continue
until the lagoon floor is within a few metres of sea level. Storms m a y then begin to
transport coarse material across the surface and corals can recolonise the lagoon
benefiting from the increase in circulation and turbulence. This process causes an
overall shallowing sediment sequence which is characterised by a fining-upwards base
with a coarsening-upwards top (Scoffin and Tudhope 1988, Tudhope 1989).

The evolution of the lagoon at One Tree Island has been inferred from drilling results
on the reef and in the lagoon. Although not aimed specifically at determining lagoonal
evolution the age structure inferred for the entire reef is very similar to the proposed
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model of Tudhope (1989)(Figure 2.17). Marshall and Davies (1982) estimated that
lagoonal infill began around 5000 years B P as coral established on the newly flooded
platform. They suggested that coarse sand and rubble probably dominated this unit,
sourced from in situ production and some transport off the growing proto-reef. As the
reef crest grew towards sea level, sedimentation would have been primarily in situ with
little sediment transfer from the reef (Davies and Kinsey 1977, Marshall and Davies
1982). Autochthonous sediment production was greatly enhanced by the development
of reticulate patch reefs during this period of reef catch-up (Marshall and Davies 1982).
Once the reef reached sea level there was a switch to lateral accretion and sediment was
transported into the lagoon as prograding sand sheets (Davies and Kinsey 1977,
Marshall and Davies 1982). Fine-mud was transported into the centre of the lagoon by
tidal processes where it accounts for between 5 and 5 0 % of the sediment (Davies et al.
1976). The primary infilling process is, however, progradation of a sand sheet, which
originates from the windward reef flat, and is observed to infill the deeper 'blue hole'
areas of the lagoon (Davies et al. 1976, Davies and Kinsey 1977, Marshall and Davies
1982, 1983). Rates of infill for this unit are 1.7 mm/yr (Davies and Marshall 1982);
however, the primary accretion direction is lateral (Davies 1983) so vertical rates of
accumulation m a y be misleading.

Figure 2.17: Evolution of One Tree Island lagoon showing isochrons. Modified from Kayanne (1992),
based on Marshall and Davies (1982).

The sedimentation history for the lagoon on Heron Island appears to be similar those
lagoons on Davies and O n e Tree Islands. Sedimentation began under open high-energy
circulation as a basal coral gravel unit, and was accreting by 4000 years BP. Gravellym u d s presently dominate the centre of the lagoon away from a prograding sand sheet.
The vertical change in texture to finer grained appears to be related to the reef crest
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reaching sea level around 2700 years BP. Accumulation rates were around 0.9 - 1.8
mm/yr for this unit (Smith et al. 1995, 1996).

Lagoonal sedimentation on the Cocos (Keeling) Islands in the Indian Ocean was also
initiated as a coral gravel layer. Open water circulation appears to have dominated the
colonisation stage of the reef with abundant coral growth across the entire platform
(Woodroffe et al. 1990a, b). The basal-lagoonal sediment unit is composed of a
branching-coral gravel which dates around 3500 years B P , and this is assumed to be a
m i n i m u m age (Smithers et al. 1992, M c L e a n and Woodroffe 1994). This material is
overlain by a gravelly-mud unit, which accreted at 0.3 mm/yr. The reduced
sedimentation rate m a y be related to isolation from the reef crest, which is the main
sediment source (Smithers et al. 1992). Sand sheets derived from the reefflatdominate
the upper parts of the lagoon. The mean accumulation rate for the sand sheet is around
0.5 mm/yr (Smithers et al. 1992), although this will vary depending on whether the sand
has reached is progradational limit into the lagoon (Kench 1998a, b). The development
of these sand sheets will depend on the potential mobility of the reef-flat sediments
(Kench 1996, 1997, 1998a, b). O n the Cocos (Keeling) Islands, Kench (1998a, b)
suggested that opposing tidal currents within the lagoon limited its progradation.
Storm events can play an important role in the development of sand sheets. High-energy
events are frequently identified as playing a significant role in reef and lagoonal
sedimentation (eg Tudhope et al. 1985, Scoffin 1993, Dollar and Tribble 1993,
Bourrouilh-Le Jan 1998, Hillis and Bythell 1998). Storms affect the progradation of
sand sheets through increasing potential mobility of the sediment compared with
ambient conditions. The effect of storms will, however, be dependent on their
frequency. Kench (1998a, b) showed that while they can increase sedimentfluxesthree
fold, on a volume basis ambient conditions are likely to m o v e m u c h more material. In
other reefs, such as the rubble fringing reefs of Grand C a y m a n Island, hurricanes are in
fact the main determinant of lagoonal sedimentology (Li et al. 1997, Kalbfleisch and
Jones 1998, Li et al. 1998). During the approach and passage of a hurricane sediment is
transported from the reef front into the lagoon. A s the storm wanes, fine sediment is
winnowed from the storm deposits and transported seaward. Calm weather conditions
do not significantly rework the deposits and there is little lateral movement of sediment.
The frequency of storm events and the ability of modal conditions to rework those
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deposits will determine which processes are more likely to dominate lagoonal
sedimentology.

Lagoonal development on San Salvador Is., Bahamas, has differed from that on
platform and atoll reefs. The lagoon is a 3 k m long, windward, high-energy lagoon
located behind a barrier reef on one side and open the ocean on the other (Colby and
Boardman 1989). Deposition began around 7000 years B P as the sea flooded the
antecedent surface. Unlike the previous lagoons, the submerged basin was low-lying
and protected enabling peat deposition from 7000 to 5000 years BP. From 6190 - 5360
years B P a linear sand dune developed along the eastern side of the lagoon providing an
additional barrier to the open ocean. The earliest carbonate sedimentation was
allochthonous dating round 6500 years BP. High-energy carbonate sands were only
deposited after the barrier was breached around 3000 years B P with sand-sheet
sediments prograding lagoonward from the barrier reef (Colby and Boardman 1989).
Lagoonal development since barrier breaching is similar to the last stages of platformreef infill. The mean rate of sedimentation for the carbonate facies is however slower
than the previous reefs at 0.3 - 1 mm/yr (Colby and Boardman 1989).

2.7.1 Lagoonal Evolution Synthesis

Lagoonal infill can be directly related to the growth of the surrounding reef crest. Th
reef will determine the energy environment within the lagoon and is generally the
largest sediment source. Where the lagoon is completely enclosed autochthonous finegrain deposition can often dominate the sediments especially in the centre of the lagoon.
In the early stages of reef development over a newly flooded surface, reef growth will
not provide a barrier to the open ocean and high-energy conditions will dominate the
proto-lagoon. O n some barrier/fringing reefs the antecedent surface provides a barrier to
the open ocean and low-energy conditions will occur in the lagoon. Under high-energy
conditions, the lagoon will contain extensive coral growth. Coral growth on the edge of
the proto-lagoon will, however, outpace that of corals within the lagoon. This begins to
restrict circulation within the lagoon, which causes a deterioration in the environment
retarding coral growth even more. In situ sediment tends to dominate the period of
restricted circulation. S o m e fine material is reworked lagoonward off the reef and

50

retained in the lagoon. A s the reef catches-up with sea surface and develops a reef flat
there is a significant increase in the lagoonward transport of sediment. Sand sheets
begin to prograde into the lagoon while fine material is reworked into the deepest parts
of the lagoon. This final stage is associated with a change in the dominant sediment
direction from vertical to lateral. This process results in an overall shallowing-upward
sequence that is characterised by a fining-upward succession capped by a coarsening
upward unit.

In smaller lagoons/back-reef areas associated with fringing reefs the processes of
lagoonal infill are more complicated. The important difference w h e n compared to
platform reefs is that fringing reefs have a boundary on their landward side and hence a
source of freshwater and terrestrial sediments. These lagoons are also often shallow and
similar to Grand C a y m a n Island contain only thin accumulations of sediment (Li et al.
1997, Kalbfleisch and Jones 1998). Their limited size often means the lagoons are
infilled by reef-derived material related to reefflatdevelopment such as on the Ryukyu
Islands (Takahashi et al. 1988, K a n et al. 1991), or terrestrial sediment such as in Punta
Islotes, Coast Rica (Cortes et al. 1994). These lagoons/back-reef areas will therefore not
necessarily infill in the same pattern as platform reef lagoons with any separate phase of
sedimentation being able to occupy all the available accommodation space.

2.8 Summary
The literature reviewed in this chapter demonstrated that fringing reefs can develop in
number of ways based on the depth of initiation and the rate of growth. This causes a
range of morphologies to develop from shore-attached reef flats to reefs with wide
lagoons. Lagoonal evolution appears to be different from the reef in that it is dominated
by unconsolidated material, and often reliant on the reef crest as its primary sediment
source. Lagoonal evolution can be directly related to the development of the reef crest
often only becoming a major area of deposition once the reef crest has reached the sea
surface and lateral reef-flat progradation begins.

Using the established models of reef accretion and lagoonal infill it is possible to
propose a few potential models on h o w the fringing reef on Lord H o w e Island might
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have developed. Thefirsttwo models suggest that the reef and lagoon are dominated by
reef-derived framework. In the first model (A) the reef is established along the shoreline
once sea level had stabilised and progrades seaward as a reef framework. In the second
model (B) the reef is established below the sea surface and proceeds to grow towards it.
Framework growth covers most of the antecedent surface and dominates as the reef
grows upwards. Keep-up reefs will have a reef surface around 5000 - 6000 years old
while the topmost part of a catch-up reef will be significantly younger. In both these
models framework sediments will dominate, and any lagoon that is developed will have
only a veneer of unconsolidated sediment.

Figure 2.18: Isochron developmental model for a fringing reef dominated by coral framework that is; a)
established at the sea surface and; b) grew in keep/catch-up mode. Arrows indicate primary direction of
reef growth.

The next two models are a variation of the keep-up/catch-up growth pattern in model
(B). In these reefs, reef growth is preferentially concentrated on the seaward side. This
leads to the development of some relief in the back-reef areas as the reef crest outpaces
the growth rate of the landward parts of the reef. In model C the back-reef area is
progressively infilled with sediment its elevation lagging slightly behind that of the reef
crest. In model D the back-reef depression is only a temporary feature and is rapidly
infilled by the next phase of reef-flat accretion. In these reefs unconsolidated lagoonal
sediment will occur in the back-reef area, however they will be thin and overlie some
reef framework. The sediments which are primary derived from the reef crest will be
dominated by gravel.
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Figure 2.19: Isochron developmental model for keep/catch fringing reef growth where reef growth has
enabled the development of a lagoon (shaded area); c) the lagoon is infilled with the developing reef,
while in d) the lagoon is rapidly infilled. Arrows indicate primary direction of reef growth.

The final two models will occur if the reef growth is established offshore and
framework material is not able to colonise the entire antecedent surface. This reef
growth pattern causes lagoons to develop. In model E the lagoonal infill begins to occur
only when the reef crest has reached sea level. Material is shed off the reef crest into the
lagoon producing sediment wedges that get progressively younger towards the shore.
These accumulate until the lagoon is infilled. This pattern is similar to the infill of
platform reef lagoons on the Great Barrier Reef. T h e final model (F) the lagoon
develops independently of the reef crest. Sedimentation is generally in situ and infills
independent of the reef crest.

"""^J " ^ A *
Figure 2.20: Isochron developmental model for a fringing reef established offshore with a lagoon. In e)
the lagoon infills only w h e n the reef had reached sea level while in f) lagoonal infill is independent of the
reef. Arrows indicate primary direction of reef growth.
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CHAPTER 3
REGIONAL SETTING OF LORD HOWE ISLAND
AND METHODS
3.1 General Location and Morphology of Lord Howe Island
Lord Howe Island (33°30'S, 159°05'E), and Balls Pyramid, 20 km south, are the only
subaerial exposures of volcanic seamounts in the Tasman Sea. Lord H o w e Island is
located 600 k m east of Coffs Harbour, Australia, and is fringed by the southernmost
coral reef in the world along its western flank (Lord H o w e Island Board 1985, Guilcher
1988)(Figure 3.01). The island has a high proportion of rare and endemic flora and
fauna which have been of scientific interest since it was first discovered in 1788
(Paramonov 1958, 1960, 1963, Dodson 1982, Wilson 1985, Hutton 1986). This
uniqueness of the island was officially recognized in 1982 when it was listed as a World
Hertiage site by U N E S C O (Lord H o w e Island Board 1985, Hutton 1986). The
juxtaposition of tropical carbonate sedimentation in the form of a fringing coral reef and
temperate latitude further adds to the islands scientific interest.

Lord Howe Island and Balls Pyramid are both situated on the western edge of the Lord
H o w e Rise that separates the Tasman Basin from the N e w Caledonia Basin. The Lord
H o w e Rise is a rifted continental crustal block that resulted from active sea floor
spreading of the Tasman Sea 60 - 80 M a (Hayes and Ringis 1973, Willcox et al. 1980).
Subsequent volcanism during the Miocene constructed a series of seamounts from the
Nova Bank in the north (24°30'S) to Flinders Seamount (35°S), of which Lord H o w e
Island and Balls Pyramid are the southernmost subaerial expressions (Figure 3.01).
These seamounts, and the associated Tasmanide seamounts to the west, are part of two
north-south trending chains related to northward movement of the Australian plate over
two hotspots (Quilty 1993). Carbonate sedimentation dominates the surface of the
seamounts to the north, almost all containing some expression of shallow water
deposition (Quilty 1993). Elizabeth and Middleton Reefs, two atolls that are located
200 k m north of Lord H o w e Island, are the only other active reef systems in these

54

seamount chains (Slater and Phipps 1977, Schofield et al. 1983, Australian M u s e u m
1992, Quilty 1993).

Figure 3.01: Location of Lord H o w e Island and bathymetry of the Tasman Sea, showing the southern
flow of the East Australian Current, (after McDougall et al. 1981, Martinez 1994)

The island is small, approximately 11 km long and 2 km wide, with an area of 1455 h
Erosion since the Tertiary has reduced Lord H o w e Island to 1 0 % of its original size
(Standard 1963, McDougall et al. 1981). The island rises to a m a x i m u m elevation of
942 m on Mt. Gower at the southern end, and 209 m along Malabar Headland at the
northern end of the island (Figure 3.02). The undulating central axisrisesto a m a x i m u m
elevation of 121 m on Transit Hill, but is generally less than 60 m . The island sits on a
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Figure 3.02: a) Geology of Lord H o w e Island (after McDougall et al. 1981, Woodroffe et al. 1995);
b) Aerial view of the island looking south across Malabar Headland to Mounts Gower and Lidgberg
with Balls Pyramid in the distance. The reef is located on the western side of the island.
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prominent submarine platform 20 - 60 m deep, with a diameter of approximately 27 km.
The edge of this platform rapidly drops to depths over 1,800 m . Balls Pyramid sits on
top a similar platform, separated from Lord H o w e Island by a channel 600 m deep
(Standard 1963). This offshore bathymetry is quite different to the typical mid-ocean
volcanic island and atoll where the edge of reef usually drops steeply into abyssal
depths. The shallow depth of the Lord H o w e and Balls Pyramid platforms means they
have undergone multiple periods of exposure related to Quaternary eustatic
fluctuations.

3.2 Geological Evolution

The surface geology of the island is dominated by alkaline basalt, hawaiites, tuffs a
veneer of Quaternary carbonates (Standard 1963, McDougall et al. 1981, G a m e
1970)(Figure 3.02). The oldest unit, the Roach Island Tuff, occurs along the northern
edge of the island at Malabar Head, and on the Admiralty Islands. The North Ridge
Basalt, a series of lava flows of tholeiitic affinities, underlies the majority of the island.
It has been potassium-argon dated at 6.6 - 7.2 M a (McDougall et al. 1981). The
southern end of the island is composed of the M t Lidgberg Basalt and Boat Harbour
Breccia. The M t Lidgberg Basalt covers the southern third of the island and is
interpreted as a large collapsed caldera, dominated by horizontal basalt flows
(McDougall et al. 1981). This unit has been dated at around 6.3 M a (McDougall et al.
1981). The Boat Harbour Breccia is exposed from the southern end of Blinkies Beach
to Red Point. Its origin is problematic, but most likely related to agglomerate formed
from explosive volcanism within the central vent region of the volcano (McDougall et
al. 1981).

The central axis of the island is composed of Quaternary carbonate dunes and beach
sequences that rise in elevation to around 80 m . This unit is termed the Neds Beach
Calcarenite. These dunes mantle the basalt forming a ridge between Transit Hill and
Malabar Headland. They also are found on the western edge of Intermediate Hill,
Blinkies Beach, beneath the airport, between the southern end of Lagoon Beach and
Kings Beach and one isolated patch on the Big Slope on the southwestern side of M t
Gower. The calcarenite can also be found along the eastern side of North Bay (Standard
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1963, McDougall et al. 1981). The calcarenite dunes are composed of well-bedded,
moderately to strongly indurated, medium to coarse-grained carbonate sands. These
sands are predominantly of skeletal origin being dominated by the red algae
Lithothamnium. Interbedded palaesols are c o m m o n within the dunes which contain bird
bones, land snails (prominent Placostylus bivaricosus), the extinct horned turtle
Meiolania platyceps, and often display rhizoliths, solution pipes and other subaerial
exposure features (Standard 1963, Mattes 1974, McDougall et al. 1981, Woodroffe et
al. 1995).

The dunes were initially interpreted as relating to aeolian sediment sourced from the
exposed shelf during the Pleistocene lowstands (Standard 1963, McDougall et al.
1981). Recent work by Woodroffe et al. (1995) has suggested that the dunes m a y in part
be related to highstand deposition rather than exclusively during glacial lowstand
events. A combination of thermoluminescence, uranium-series and amino acid
racemisation dating by Brooke (in prep), found multiple dune building events
throughout the mid to late Quaternary. The oldest carbonate units are dune sequences,
which have a m a x i m u m age of around 350000 U/Th years. The main dune building
phase occurred during the Last Interglacial with some karst development during the
Last Glacial M a x i m u m .

The Holocene carbonate units on Lord Howe Island, the focus of this study, are the
fringing reef and associated lagoon. The reef forms a semi-continuous barrier along the
western side of the island enclosing a shallow lagoon up to 2 k m wide. Lagoon depth
averages around 1.5 m , but extends to 10 m in holes that are associated with patch reef
growth. The lagoon is characterized by surface sandy-gravels and scattered coral
growth (see Chapter 4 for a detailed description). Unconsolidated carbonate sediments
that form a plain up to 1 k m wide, dominate the landward side of the lagoon. A 6 m
high aeolian sand dune occurs behind Blinkies Beach, and is the largest example of
modern dune construction on the island.
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3.3 Coral Diversity and Distribution

Coral growth around the island is prolific with live coral occupying up to 50% of the
benthic communities (DeVantier and Deacon 1990, Harriott et al. 1995). A total of 87
scleractinian coral species from 34 genera have been recorded (DeVantier and Deacon
1990, Harriott et al. 1995)(Table 3.01). The community structure appears to be
temporally dynamic with m a n y of the coral species identified being found in only one
or two surveys. The first detailed survey of coral fauna by Veron and D o n e (1979)
identified 57 species of 33 genera. Subsequent collections by Veron (1993) increased
the number of species to 64, however in the most recent survey by Harriott et al. (1995),
59 species were recorded. O f these 59 species at least 19 were n e w records for the
region, while 27 species described by Veron (1993) where not present. Even allowing
for errors in identification and methodology this species variation is significant. Most
faunal change however is restricted to the rarer species with a more stable population
occurring in the dominant species (Harriott et al. 1995).

3.3.1 Population Dynamics

The Great Barrier Reef is the largest and closest reef province to Lord Howe and has
been suggested as the major source of coral species for the island (Veron and D o n e
1979). Coral recruitment on the island shows some similar patterns to the Great Barrier
Reef, with higher settlement patterns occurring in summer rather than winter (Fisk and
Harriott 1990, Harrison and Wallace 1990, Harriott 1992). The density of recruits on
settlement plates, averaging 48.5 individuals (Harriott 1992), are comparable to Cape
Tribulation (14-715 recruits), and the North Queensland mid-shelf (44 recruits) (Fisk
and Harriott 1990). However the taxonomic composition of these recruits is different as
non-Isoporan Acroporid corals that dominate settlement on the Great Barrier Reef were
only represented by two individuals collected during winter (none were found during
summer) on Lord H o w e Island. The apparent rarity of mass-spawning coral species
suggests that larval transport from the Great Barrier Reef is extremely low and local
recruitment of this species type is also low. Species that produce brooded planulae are
dominant on Lord H o w e Island possibly because they can travel long distances and
have a greater ability to survive transport to Lord H o w e (Harriott 1992). They are also

Table 3.01: Coral Species Recorded on Lord H o w e Island, from DeVantier and Deacon
(1990), Veron (1993), and Harriott et al. (1995).
Astrocoeniidae
Styocoeniella guentheri
Pocilloporidae
Pocillopora damicornis
Seriatopora hystrix
Stylophora pistillata
Acroporidae
Montipora mollis
Montipora turtlensis
Montipora turgescens
Montipora spongodes
Montipora danae
Montipora venosa
Montipora aequituberculata
Montipora sp. 1 E. Australia
Montipora sp.
Acropora palifera
Acropora gemmifera
Acropora lovelii
Acropora glauca
Acropora poly stoma
Acropora cf. tenuis
Acropora cf. donei
Acropora yongei
Acropora hyacinthus
Acropora latistella
Acropora valida
Acropora solitaryensis
Acropora cf. chesterfleldensis
Astreopora moretonensis
Potitidae
Porites lutea
Porites lichen
Porites heronensis
Porites sp. a
Porites sp. b
Goniopora cf. lobata
Goniopora tenuidens
Goniopora cf. minor
Goniopora cf. norfolkensis
Alveopora allingi
Alveopora spongiosa
Siderastreidae
Psammocora contigua
Psammocora
haimeana
Coscinaraea columna
Coscinaraea wellsi
Agariciidae
Pavona explanulata
Pavona varians

Pavona maldivensis
Pavona minuta
Leptoseris scabra
Leptoseris hawaiiensis
Pectiniidae
Echinophyllia aspera
Mycedium elephantotus
Mussidae
Scolymia australis
Acanthastrea hillae
Acanthastrea bowerbanki
Acanthastrea lordhowensis
Acanthastrea cf. amakusaensis
Lobophyllia hemprichii
Symphyllia sp.
Merulinidae
Hydnophora pilosa
Hydnophora exesa
Merulina ampliata
Scapophyllia cylindrica
Faviidae
Favia pallida
Favia speciosa
Favia cf. danae
Favia rotumana
Favites abdita
Favites flexuosa
Favites complanata
Favites russelli
Goniastrea favulus
Goniastrea pectinaia
Goniastrea australensis
Platygyra daedalea
Oulophyllia bennettae
Montastrea curta
Montastrea magnistellata
Plesiastrea versipora
Leptastrea transversa
Cyphastrea serailia
Cyphastrea chalcidicum
Cyphastrea microphthalma
Dendrophylliidae
Turbinaria biforms
Turbinaria patula
Turbinaria frondens
Turbinaria cf. stellulata
Turbinaria radicalis
Caryophylliidae
Euphilia ancora
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capable of rapid settlement following release and are more likely to be retained within
the reef and lagoon (Harriott 1992). The small size of Lord H o w e Island and the
inability of the main tropical species to survive transport suggest that tropical
recruitment is the exception rather than the rule (Harriott 1992, 1995). However chance
southward dispersal is of importance in long-term biogeographic patterns, and structure
of the reef (Veron and Done 1979, Harriott 1992). The fact that m a n y of the diverse
coral faunas on the reef are described by only a few specimens (DeVantier and Deacon
1990) suggests that chance recruitment is of some importance.

The absence of many species found on the Great Barrier Reef from Lord Howe results
in some major differences in coral assemblages and reef morphology (Veron and Done
1979). The outer slopes of many Great Barrier Reef reefs are dominated by massive,
caespitose and arborescent forms, while all Lord H o w e slopes are dominated by
explanate, columnar and encrusting forms (esp. Acropora palifera, and Porites lichen)
(Veron and D o n e 1979). Acropora humilis is co-habitant with A. palifera on many
Great Barrier Reef reef fronts and combined are important contributors to reef
accretion. The absence of A. humilis from Lord H o w e m a y be a possible reason for the
failure of the reef to develop a well-defined crest (Veron and Done 1979).

3.4 Oceanography
The mean annual sea surface temperature for Lord Howe Island varies between 23°C
and 18°C (Allen et al. 1976, Veron and D o n e 1979). The East Australian Current
(Figure 3.01) influences the oceanographic environment around Lord H o w e Island, and
also m u c h of the Tasman Sea. The current is important in the carbonate evolution of
Lord H o w e Island being suggested as the primary vector for coral colonization (Veron
and Done 1979, Veron 1995) as well as determining the deeper marine carbonate fauna
around the island (Thiede et al. 1997).

The East Australian Current is a poleward flowing, episodic, intense western boundary
current (Boland and Church 1981) that begins between the Chesterfield Reefs and Great
Barrier Reef in the Coral Sea ( H a m o n and Tranter 1971). The flow is concentrated
along the continental shelf of Eastern Australia to a latitude of approximately 33°S
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where it makes an eastward turn into the Tasman Sea (Boland and Church 1981,
Martinez 1994). The eastward flow of the current forms a boundary, called the Tasman
Front, between the warmer waters to the north and the southern temperate Tasman
Current (Stanton 1981, Martinez 1994). Flow south along the N e w South Wales coast is
characterized by w a r m core eddies. The w a r m core eddies either flow south along the
edge of the continental shelf or m o v e into the Tasman Sea in the direction of Lord
H o w e Island (Hamon 1965, H a m o n and Tranter 1971, Stanton 1981, Huyer et al. 1988).
The eddies usually maintain temperatures in excess of 18°C, and are 1 - 2°C higher
than the sea surface just south of the Tasman Front (Stanton 1981). Movement of the
East Australian Current on and off the N e w South Wales continental shelf has
controlled the amount and type of carbonate sedimentation over the past few sea-level
cycles (Ferland and Roy 1997).

Eddy size, shape and temperature are dependent on the oceanographic conditions of
formation, with temperature remaining relatively constant for long periods (Stanton
1981). Eastward eddy flow is strongly influenced by submarine topography, especially
seamounts and the Lord H o w e Rise. Eddies tend to be trapped by the Lord H o w e Rise,
with the front weakening over the ridge (Stanton 1981), and do not occur further east
(Stanton 1979). This can cause variations in mean sea surface elevation with respect to
the Australian mainland (Hamon 1962, 1968). The latitudinal position of the Tasman
Front is notfixed.It moves over a range of at least 4° between 30°S in winter and 34°S
in summer (Hamon 1962, 1968, Stanton 1981). This means that Lord H o w e Island is
subjected to alternating oceanographic conditions of w a r m tropical water in summer
and the intrusion of colder southern Tasman water in winter. Environmental conditions
for reef and coral growth are therefore in a continual state of flux.

The Tasman Front may be viewed as the boundary for reef development in the Tasman
Sea, as it is the limit of w a r m tropical water intrusion into temperate latitudes. The
position of the Tasman Front during the Quaternary m a y have had implications for the
viability of reef growth on Lord H o w e Island. Martinez (1994), using planktonic
foraminifera, suggested that the Tasman Front migrated from approximately 30°S to
26°S during the Last Glacial M a x i m u m , and apparently remained at the same latitude
during interglacial Stage 5 and glacial Stage 6. This suggests that the environment of
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Lord H o w e Island was less hospitable to reef growth during these stages. A lessening
influence of Subantartic m o d e water within the northern part of the Tasman (Martinez
1997) and movements of the Tasman front (Nees 1997) also indicate a longer-term
dynamic oceanographic environment around Lord H o w e Island.

3.5 Climate

Lord Howe Island has a maritime climate influenced by the mid-latitudinal pressure be
(Lord H o w e Island Board 1985, Hutton 1985, Woodroffe et al. 1995). Winds are
predominantly easterly in summer and southwesterly in winter. Gales with winds in
excess of 34 knots occur on average 3 days per month in winter. Other strong winds
occur 4 - 7 days per month throughout the year (Lord H o w e Island Board 1985). A
distinct windward and leeward partitioning of the island does not appear to occur,
however higher wind speeds in winter and a dominance of winds with a westerly
component from M a y to November, would appear to make the western and reefal side
of the island the highest energy. O n average the island is affected by two cyclones each
year. N o data is available on wave heights or storm surge during these events, however
extensive damage and erosion of the foreshore has been associated with their passage
(e.g. Manidis et al. 1993).

Average annual rainfall is around 1670 mm with a maximum of 188 mm in July and
minimum of 106 m m in February (Wilson 1985, Edgecombe 1987). There is a strong
orographic effect around Mounts Gower and Lidgberg, and the total precipitation is
much greater around these peaks (Lord H o w e Island Board 1985). Periods of extreme
rainfall are associated with cyclonic storms. O n e storm which caused considerable
flooding occurred in 1996, over 449 m m of precipitation fell in a 24 hour period. This
figure is a m i n i m u m as the rain gauge was flooded during the storm. Fresh water flow
from these storms can affect the lagoon and has been implicated in the death of some
coral patches in North Bay (Cross 1996). Significant increases in the turbidity of the
lagoon are associated with these high precipitation events.

There is little temperature variation either diurnally or annually. The mean annual a
temperature is 19.3°C with a February m a x i m u m of 25.1°C and July to August
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m i n i m u m of 13.5°C. S u m m e r air temperature ranges from 25°C to 17°C, with winter
air temperatures between 18°C and 14°C (Lord H o w e Island Board 1985).

There is very sparse data on the wave climate of the island. Swell can reach the island
from all directions, with a south-southwest swell dominant. Generally the swell pattern
follows that of the mean wind direction. The tidal range of the island is 1.5 m at springs
and 0.8 m at neaps. The reef is therefore under a micro-tidal wave dominated energy
regime.

3.6 Previous Reef and Lagoonal Work

The structure and evolution of the reef and lagoon have received little attention in the
literature, with few studies devoted exclusively to a sedimentary analysis of the
Holocene sediments. The surface morphology and benthic sediment zonation of the
lagoon have been described by Guilcher (1973, 1988), Slater and Phipps (1977) and
Veron and D o n e (1979). Slater and Phipps (1977) divided the reef and lagoon into sand,
coral, algal rim and spur and groove zones. Veron and Done's (1979) zonation is very
similar except they divided the seaward zones into intertidal groynes, lagoonal coral,
reef flat and outer slope. Both these studies concentrated on the live benthic
communities rather than the sediments. Slater and Phipps (1977) did however provide
the first insight into the subsurface of the lagoon by conducting sparker profiles which
indicated a sediment thickness on average of 4 - 5 m extending to 25 - 30 m in buried
channels behind the reef crest.

Standard (1963) provided the first analysis of the lagoonal sediments (based on 34
samples) suggesting that they were dominated by coralline algae, Halimeda, coral,
molluscs and foraminifera. Mattes (1974) extended this study analysing lagoonal
surface samples for compositional, grain size and x-ray analysis. Coralline algae,
predominantly Lithothamnion, was found to dominate the sediment composing around
5 0 % of the sediment. Coral and the green algae Halimeda accounted for around 3 0 % of
the sediment. Mattes (1974) noted that it was hard to distinguish between the latter two
types relying on staining to discriminate between them. Molluscs and foraminifera were
the next most abundant grains at around 1 0 % and 5 % respectively.
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The presence of Halimeda,

a characteristically tropical species, is problematic.

Although Standard (1963) and Mattes (1974) claimed to have found it, Slater and
Phipps (1977) suggested that it was absent from the lagoons benthic communities.
Algal surveys by Lucas (1935) did not describe any Halimeda, however, Millar and
Kraft (1994) have identified one species around the island (Halimeda copiosa). Recent
analysis of the sediment under binocular microscope failed to identify any grains (Nash
1994). It would seem likely that Halimeda if present, is very rare in the reef and lagoon.

Nash (1994) presented the first analysis of subsurface lagoonal sediments. This study
was limited to a very preliminary examination of the northern half of the lagoon. Finegrained muds dominate the subsurface of the lagoon, indicating a different depositional
environment than exists today. A core from Old Settlement Bay reported in Woodroffe
et al. (1995) also showed a varying stratigraphy of gravelly-mud and sand.

These previous studies have indicated that a wide range of depositional environments
exist on Lord H o w e Island. The exact nature of them is however open to debate with
m a n y discrepancies appearing to exist between various published work. The surface
descriptions indicate that the lagoon is different from m a n y tropical lagoons in that it
lacks Halimeda and that there has possibly been a range of depositional environments
during its evolution.

3.7 Methodological Rationale
Lord Howe Island provides an excellent environment in which to study the Holocene
evolution of a reef and lagoon. M a n y fringing reef lagoons are too small to have welldeveloped lagoonal and reef facies, while platform reef lagoons are often so large that it
is difficult to obtain a representative suite of samples through all environments. This is
especially the case for deep lagoons. The Lord H o w e Island reef and lagoon appears
large enough to provide a variation in surface and subsurface depositional
environments, but small enough to allow representative sampling of them.

A variety of procedures were used to investigate the Holocene carbonates. Surface
sampling, hand augering, vibrocoring, diamond drilling and seismic reflection
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investigations were conducted which have rarely all been used in an integrated study of
lagoon and reef evolution. Conflicting evidence from previous studies, especially
relating to the lagoonal surface sediments, necessitated resampling of these
environments and reanalysis of cores. The following sections will outline these
processes of data acquisition. Firstly, the field technique and rationale for each major
method will be covered, while the second section will indicate the later laboratory
analysis that was carried out.

3.8 Field Methodology

3.8.1 Surface Sampling

The collection of unconsolidated surface sediment from the lagoon aimed at
characterizing the current size and compositional nature of the material in order to
determine sediment source and the relation, if any, between the life and death
assemblages. This is important for the later analysis of the subsurface sediment. Surface
samples were selected on the basis of a stratified sampling strategy in order to obtain an
even distribution of sites across the lagoon. After initial analysis of these samples, a
more specific sampling strategy was undertaken to gain data from these zones under
represented in the initial survey. These later samples were taken as a series of transects
across the lagoon perpendicular to shore. Lagoonal sampling could not be totally
random because of anthropogenic influences, mainly scour tracks on the lagoon floor
caused by the passage of island supply ships. These areas of disturbed sediment were
avoided during data collection.

At each site 100 - 500 grams of sediment was collected and immediately placed in
plastic bags and sealed for later analysis (see section 3.9). N o chemical treatment was
carried out on the samples in thefield.All samples were collected by hand from the top
100 m m of the sediment by snorkeling or S C U B A . Collection involved vertically
pushing a small cylinder (<150 m m long) capped at one end, into the sediment,
however this proved impractical in areas of high gravel. The cylinder was then dragged
through the top few centimeters of sediment to obtain enough sample. There was no
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difference between the quality and quantity of sample collected by each method. The
surface benthic environment was described and/or photographed at each site.

3.8.2 Auger Sections

The largest volume of subaerial Holocene carbonate sediment is contained within the
coastal plain and associated dunes which form along the eastern edge of the lagoon. A s
the plain occurs only on the lagoonal side of the island, extending to the non-reefal side
only at Blinkies Beach, its evolution is presumably closely related to that of the lagoon.

Seven hand-auger transects were obtained from the plain in order to ascertain its
composition and relation to lagoonal sedimentation with individual holes spaced
between 40 and 70 m apart. The transects were located systematically to cover all the
major coastal plain sections as well as corresponding to the lagoonal surface sediment
and vibrocore transects. A hand operated two-blade 0.5 m barrel sand auger, diameter
75 m m , was used and proved very reliable in the sands above the water table, below
which, hole collapse prevented further penetration. Samples were visually described in
the field for texture and in some cases for colour using a Munsell soil colour chart.
Representative samples were placed in resealable plastic bags for later laboratory
analysis.

3.8.3 Vibrocoring

Vibrocoring is the most common method of obtaining subsurface sediment and detailed
stratigraphy can often be recovered although this is dependent on sediment
composition. Vibrocoring was therefore used to obtain detailed subsurface lagoonal
sediment. 22 vibrocores were taken in a series of 7 transects perpendicular to the
shoreline. These corresponded to some of the surface sediment sampling transects as
well as the onshore auger sections. Coring was conducted by inserting a 76 m m
diameter circular aluminum pipe into the lagoon floor using a vibrating head weighing
approximately 20 kg. The head is a version of a cement vibrator which is attached to a
steel sleeve that can be bolted onto the pipe. The downward force of the heads' weight,
coupled with the vibrations, was sufficient for core penetration. Vibrocoring did not
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prove useful for the dry sediments of the coastal plain, fully saturated sediment being
needed for core penetration. Cores were extracted using a jack or chain block. Once
removed from the lagoon, the cores were capped and sealed for later opening in the
laboratory. Core location was estimated using a hand-held global positioning system
and/or locating on aerial photography.

Sediment bypassing, core loss and compaction are major sources of error in vibrocoring
(Morton and White 1997). This can cause inaccuracies related to the assumed and
actual depth of a given sample. In the literature compaction is often not mentioned or at
best given as a percentage of the recovered core. The processes of core shortening relate
to the density and saturation of the sediment as well as the downward force applied to
them (Gill and Lang 1977, Goldhammer 1997). Sediment bypassing occurs when
material is either pushed laterally during coring, or the core becomes blocked with a
denser or gravel layer (Morton and White 1997). These processes are hard to establish
in the field. Core blockage can usually be identified but only when the blockage has
been driven some distance into the sediment. Comparing the recovered core with the
total depth of penetration usually identifies compaction. Core loss m a y often be
mistaken as compaction, especially if only a small fraction of the sample is lost. T o
reduce this possibility, core catchers and a cutting head were used during the first phase
of vibrocoring (LV1 - L V 1 0 ) . Later coring (LV11 - L V 2 2 ) did not utilize these and
instead relied on the pipe strength to penetrate the lagoon. There was no appreciable
difference between the cores collected so loss is assumed minimal. A plumbers bung
was used to reduce possible sediment loss by maintaining an airtight seal on the core
during extraction.

There was up to 50% compaction in the cores. Differences have been noted between
sedimentology and compaction (Gill and Lang 1977, Goldhammer 1997, Morton and
White 1997); however, the amount of variance in the exact composition, especially
gravel, meant that the compaction for each layer could not be determined. The
percentage compaction was therefore assumed to be distributed evenly through the core
irrespective of stratigraphy.
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3.8.4 Diamond Drilling

Sampling of the pre-Holocene surface and beneath the rubble zone required different
methods than those employed for the unconsolidated sediment. A Jacro 105 triple barrel
hydraulic drill was used to sample the pre-Holocene surface within the lagoon, while a
hand-held Mindrill single barrel corer was used on the reef crest. Drilling using the
Jacro 105 aimed at recovering sediment from the pre-Holocene surface, to establish its
composition and verify interpretations of the seismic profiling. Drilling sites were predetermined based on the interpretations of the seismic stratigraphy (see Chapter 5). This
drill w a s initially operated on the wharf/jetty at Signal Point, and subsequently
deployed on a 4 metre high scaffolding platform in the lagoon (Figure 3.03). N Q (75
m m ) size drill string was used as the sample corer, which was cased with larger H Q (95
m m ) size string through the unconsolidated lagoonal sediments. Water was used as a
drilling fluid for the first hole however free-flowing sands encountered beneath the
lagoon necessitated the use of drilling mud. Bio-Vis biodegradable m u d was therefore
used in the holes within the center of the lagoon.

Hand-held diamond drilling in the reef crest utilized 30 mm diameter barrels using
seawater as a drilling fluid. The sites were initially selected based on ease of access,
exposure at low tide and low wave energy, and were therefore sited on the intertidal
rock tongues that extend into the lagoon. Later attempts to drill close to the seaward
edge of the reef crest were thwarted by high wave energy and tides, in addition to
equipment failure. All drill samples were briefly described in the field, then sealed in
plastic bags or P V C piping for later laboratory analysis.

3.8.5 Seismic Reflection Profiling

High-resolution seismic reflection profiling was conducted through the lagoon and onto
the shelf through North Passage, to investigate the structure of the Holocene and preHolocene sediments. The survey equipment was mounted in a lighter towed by a small
workboat and operated by David Searle of The Bureau of Mineral Resources,
Queensland, Australia. Continuous seismic profiling used a "Uniboom" sound source
triggered every half second at an energy level of 200 joules. A single channel, 8-

a

Figure 3.03: a) Jacro 105 diamond drill rig being operated by Damien
Kelleher at the wharf (LH11); b) Scaffolding platform used to mount the
drill in the lagoon. The platform is located at L H 1 2 with Blackburn Island
and Mounts Gower and Lidgberg in the background.
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element hydrophone was used to record the seismic signal after reflection from the sea
bed and subsurface. The signal was filtered to remove noise below 500 H z and was
displayed as a seismic cross section on a graphic recorder. Seismic profiling was
undertaken at a speed of around 4 knots. Position fixes were obtained autonomously
every two minutes (about 250 m ) using a global positioning system (GPS). The
continual G P S recording reduced some of the error noted for a single G P Sfix.In order
to limit the presence of seismic multiples reflected off the seabed the sound source and
hydrophone were deployed from opposite sides of the vessel. This field technique
imposes a geometrical depth scale on the records, and corrections have been applied to
depths measured from the seismic records.

3.9 Laboratory Procedures
3.9.1 Size Analysis

Methodologies for grain size analyses are varied within the literature ranging from
mechanical to laser based techniques (e.g. Goudie 1990). O n e of the simplest and most
widely used methods is mechanical sieving of dry sediment. This method essentially
involves the passing of a set sample weight through a series of gradually smaller mesh
sizes, the grains being separated on the basis of their longest axis. A n extremely varied
range of densities and grain morphologies occur within carbonate environments, which
have lead some authors to suggest that size measurements based on the settling velocity
of grains are more relevant to these environments (Orme 1977, Scoffin 1987, Kench
and M c L e a n 1997). Comparative studies of sieved and settling tube sediments have
shown that there are discrepancies between the size distributions derived from the two
methods (Komar and Cui 1984, Lund-Hasen and Oehmig 1992, Kench and M c L e a n
1997). This lead Kench and M c L e a n (1997) to suggest that for detailed environmental
analysis of the energy environment of deposition (or removal) the settling procedure
was superior to sieving. Despite this m a n y authors (e.g. M c K e e et al. 1959, Folk and
Robles 1964, Colby and Boardman 1989, Smithers 1994, Chevillon 1996) have utilized
the sieving procedure. The main aim of the size analysis on Lord H o w e Island was to
broadly characterize the general sediment population of the surface and at depth within
the lagoon. A s a detailed reconstruction of the energies of deposition based solely on

71

the grain size results was not attempted, sieving was considered adequate to categorize
the sediment. Sieving was also chosen to maintain methodological uniformity
throughout the study and with the preliminary work of Nash (1994). Generally only the
sand size fraction is used in settling methods as the m u d and gravel size material is
sieved from the sample before analysis. This can lead to errors because of the
established discrepancies between the two methods. The sieves also allowed easy
recovery of the sample which was used for compositional analysis, thereby allowing a
direct comparison between the two data sets.

All samples for sieving were initially soaked in distilled water to remove salt which
causes grain flocculation, especially in m u d sized sediment. All samples were
subsampled using arifflebox splitter. Before dry sieving, samples that contained m u d
were wet sieved through a 40 (63 Jim) sieve to both remove this finer material and
calculate the percentage of fines present. Those samples with a high proportion of m u d
were soaked in Sodium Hexametaphosphate for at least 12 hours to disaggregate the
m u d prior to wet sieving. Dry sieving passed the sample through a set of Australian
Standard sieves stacked at 0.50 intervals from -2.00 (2 m m ) to 4.00 (65 (im). Ideally,
70 grams of sample was used for sieving however this was not always the case where
less sample was available. Sample size does not appear to have a great affect on the
sediment results (Allen 1981, de Lange et al. 1997). Full details of the sieving
procedure are reported in appendix I.

Data from the sieving was analysed in accordance with the procedures of Folk and
Ward (1957) using an unpublished grain size program G a p _ T w o for the P C (B. Jones
pers. comm.). Mean, standard deviation, and skewness was only calculated for those
samples that contained a large proportion of sand size sediment. The highly bimodal
nature of some samples, especially those from the vibrocores, meant that these
parameters were of limited meaning. All samples were classified on the basis of the
Wentworth classification and in accordance with the statistical groupings of Leeder
(1982, p 39).
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3.9.2 Compositional Analysis

Compositional analysis was conducted on the same samples used in the sieving
procedure. A representative number of surface samples in a series of transects across
the lagoon were examined as well as sediment at 400 m m intervals from 3 vibrocores
(LV13, L V 1 6 and L V 2 2 ) . Uniformity in grain composition within each group of
samples precluded the need for more detailed analysis.

The sand size fraction was analysed using thin sections. The sieved sediment was split,
and mixed with araldite resin to m a k e a grain mount. This mount was attached to a
glass slide and ground to a thickness of approximately 30 \im. These slides were then
counted using a transmitted light petrographic microscope. Grains were identified based
on the classifications of Milliman (1974), A d a m s et al. (1984), and Scoffin (1987).
Photographs of each main compositional group present from the slides were used as
reference to maintain consistency through analysis. A grid of 400 points was counted
across each slide. The expected standard error for this length of count is 0.5 - 0.6% for
components with a composition of less than 1 % of the sample and 2.2 - 2.5% for
components with a composition of over 7 5 % (Bayly 1960, 1965).

The entire gravel fraction was counted under a reflected light binocular microscope, th
large grain size being impractical to make into thin sections. Grain identification using
this method relies on the presence of identifiable surface features (see classification of
Milliman 1974, appendix II). A large proportion of the Lord H o w e Island gravels were
encrusted, or had weathered outer surfaces which m a d e counting of each grain
impossible. A broad visual estimate of the composition was therefore made. This
proved effective in the characterization of these sediments.
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3.10 Radiocarbon Dating

3.10.1 Basis of Method

Radiocarbon dating has become an indispensable technique in the study of nearly all
Holocene environments. The method is based on the decay of the radioisotope carbon
14, which is generated by the interaction of cosmic rays with the earths' upper
atmosphere and incorporated into organic carbon. The half life of radiocarbon is 5568
years (Libby et al. 1949), which limits the dating range to between 55000 and 60000
years ago, although some laboratories have been able to extend the limit further. A g e
control is however generally restricted to < 40000 years BP. The best correlations
between the radiocarbon and k n o w n age have been calculated to 6000 years ago
(Arnold and Libby 1951). This is important as it encompasses almost all the time in
which m a n y extant fringing reefs have developed (see Chapter 2). There are two basic
techniques in the calculation of a radiocarbon age being; liquid or gas scintillation
counting and atomic mass spectroscopy. Scintillation counting involves combining a
sample after various pre-treatments with a scintillation solvent, most commonly
benzene. This isfluorescentunder radioactive decay, and the number and frequency of
these events can be used to calculate the number of 1 4 C atoms present, and hence
calculate its age. A full description of this method is reported in Polach (1987).
Scintillation counting is the most c o m m o n method used in radiocarbon studies due
mainly to its low cost. Radiocarbon dating can also be conducted using an atomic mass
spectrometer, which has the advantage that < 1 % of the sample for scintillation counting
is required. Mass spectroscopy is however twice as expensive as the scintillation
method. Liquid Scintillation Counting was the main method used for dating on Lord
H o w e Island. This was conducted at Beta Analytic Inc. (lab code B E T A ) in Miami,
U.S.A., and the Australian National University (lab code A N U ) in Canberra, Australia.
12 mass spectrometer dates were analysed at the Australian Nuclear Science and
Technology Organizations' A N T A R E S laboratory at Menai, Australia (lab code O Z C ) .
All radiocarbon ages are reported in conventional radiocarbon years, according to the
conventions of Stuiver and Polach (1977).
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3.10.2 Corrections

A conventional age does not correspond exactly to the actual age of dated material. Thi
difference is most commonly due to isotopic fractionation within the sample and old
carbon being recycled into organisms. Isotopic fractionation of

12

C/ 13 C can cause

variations of up to 450 years for shell material (Polach 1976). A correction for the
fractionation are m a d e in the calculation of a conventional age (Stuiver and Polach
1977) and is estimated at 0.0 %c by all laboratories used, which is standard for marine
carbonates (Gupta and Polach 1985). Fractionation of carbonates on Lord H o w e Island
has been measured at between +2%o and -2%o (E. Bryant pers. comm.), which leads to a
m a x i m u m age variation over the estimated value of 60 years (Stuiver and Polach 1977).
This is within the quoted error for the conventional ages and given the time scale of this
study (1000's years) it is considered insignificant.

Conventional ages do not take into account the source of carbon that the dated
organisms absorb. Terrestrial plants absorb carbon directly from the atmosphere which
is relatively straight forward as radiocarbon is produced at a given rate. Aqueous
reservoirs are more problematic. S o m e enclosed lakes m a y source their carbon from
surrounding limestone lithologies which produce an old age due to the lack of
radioactive carbon present in the water. The ocean is a similar reservoir. For example,
marine and terrestrial material of the same age will have radiocarbon dates that differ by
around 400 years (Stuiver and Braziunas 1993). T h e ocean is, however, not
homogeneous with radioactivity varying globally (Stuiver et al. 1986, Druffel and
Williams 1991, Stuiver and Braziunas 1993). The marine correction for the southern
Australian ocean surface is -450 ± 35 years (Gillespie and Polach 1979). This
correction, termed an environmentally corrected age, is m a d e on the conventional date.
All marine carbonate samples were environmentally corrected on Lord H o w e Island.

Radiocarbon years do not correspond to sidereal years, due to variations in the
atmospheric proportion of radiocarbon and differences between the actual and
calculated half-life of I 4 C used in conventional age calculation (Stuiver and Reimer
1986, 1993, Stuiver and Braziunas 1993). This correction is not, however, widely
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applied in the study of reef and lagoon evolution. T o maintain consistency with
previous studies, ages are quoted as environmentally corrected ages.

3.10.3 Sample Preparation

Coral, shell and wood material were all used to obtain radiocarbon ages. Samples were
cleaned of all encrusting organisms, ultrasonically bathed, and washed in distilled
water. In some cases of thick encrustation, the clasts were soaked in dilute hydrochloric
acid first and then cleaned. A dentists drill was used to remove excess encrustation.
Samples were oven dried at 60°C prior to laboratory submission. The first batch of
samples submitted (to A N U ) were analysed using x-ray diffraction to determine the
degree of recrystallization. N o samples were found to be altered and the analysis was
not subsequently repeated for samples that came from a similar general depositional
environment. These samples could be assessed visually for recrystallization based on
the first x-ray results.

3.11 Surveying and Estimation of Lagoonal Depths
All subaerial samples were surveyed to establish bench marks by using either a dumpy
level or theodolite. Estimation of sample depth within the lagoon was more difficult. To
maintain consistency through all the sampling methods, the depth of each sample was
calculated using published maps of Naval Hydrographic Office (map A U S 213, 1965)
and the Department of Civil Aviation, (map H D 1074V, April 1954, reproduced in
Standard 1963). Field verification of these maps showed them to be reasonably
accurate.

3.12 Summary
Lord Howe Island contains the southernmost coral reef in the world. The coral
communities are highly diverse compared to tropical reefs however the patterns of
recruitment and settlement differ from the Great Barrier Reef. The oceanographic
climate of the island appears to be marginal for reef growth as alternating tropical and
temperate ocean waters occur as the Tasman Front sweeps the island. The reef is
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therefore growing at or very close to the environmental limits of growth. Previous
workers have indicated that there is a range of depositional environments within the
lagoon which m a y have varied through the Holocene. However little study investigating
the Holocene evolution of the lagoon or integrating it with the modern reef and lagoon
has been conducted.

Two main lines of investigation were used to study the island, being surface
morphology and sediments and subsurface stratigraphy. Each of these is
complementary to one another and essential in the interpretation of modern and past
deposition. The methodologies of investigation combined surface sampling and coring
techniques which provide material that can be analysed in the laboratory. Seismic
surveying 'remotely' sampled the lagoon, providing information based on secondary
properties of the sediment (density etc), which later required direct sampling. All these
methods have been widely used for the reconstruction of Holocene evolution of reef
and lagoonal environments. Rarely have all methods been used as part of a single
integrated study. These results are presented in chapter 4 (surface environment), chapter
5 (seismic profiling), and chapter 6 (vibrocores and drilling).
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CHAPTER 4
MORPHOLOGY AND SEDIMENTOLOGY
OF THE REEF AND LAGOON SURFACE
4.1 Introduction

The surface benthic communities and the type of sediment produced will primarily
determine the morphology of the modern reef environment. Within the reef system,
individual communities act either as a net sediment contributor or receiver, depending
on the associated hydrodynamics and depth. The relation between surface morphology
and sedimentology is complex. It is dependent on the type of material deposited and the
amount of reworking. The relation between sediment source and final depositional
composition tends to lessen with increased hydrodynamic energy, and the longer
sediments are exposed to potentially destructive processes (see Chapter 2). This chapter
will examine the benthic zones across the reef and lagoon on Lord H o w e Island to
identify the major sedimentary environments. Sediment size and composition will then
be described, to establish the origin of the material and its relation to potential sources.

4.2 Morphology and Surface Zonation
A variety of reef and lagoonal zones can be recognised on Lord Howe Island, not all of
which correspond with zones described from other tropical reef systems. The zones on
Lord H o w e Island were investigated from 20 m depth to the lagoonal shoreline, and
defined in terms of morphology, benthic communities and depth of occurrence. The
following zones can be identified from the ocean landward: (1) the buttress zone, (2) 5m terrace, (3) spur and groove zone, (4) algal pavement, (5) cemented rubble zone, (6)
back-reef zone, (7) lagoonal coral zone, (8) bare sand zone, and (9) algalflats(Figures
4.01, 4.02 and 4.03). Patch reef growth also occurs within the lagoon. The reef front
zones were examined by S C U B A diving, while the reef crest and lagoonal zones were
examined using aerial photography and surface observation.

Erscolls Hole

Land
Algae Pavement and Cemented Rubble
Back-Reef Zone
Patch Reef
Lagoonal Coral Zone
Algal Flats
Holes
fc] Bare Sand

ES3

Figure 4.01: Benthic zones of the lagoon based on aerial photography. The reef front zones are not
included, as they could not be mapped using aerial photography. W a v e swash made the differentiation of
the reef crest zones difficult and they are therefore grouped together.

Figure 4.02: Oblique aerial photograph of the lagoon between Blackburn Island and North Passage
showing the major benthic zones mapped in figure 4.01.
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Figure 4.03: Schematic block diagram of the lagoon and reef showing major morphological zonations
from the shoreline to 15 m depth based on S C U B A diving investigation.

4.2.1 Buttress Zone

The buttress zone extends seaward to at least 20 m depth, where it interfingers with
sand and gravel patches, and landward to a small scarp at 7 - 10 m depth. The zone is
dissected by a series of grooves up to 10 m deep, 5 m wide and 30 - 50 m long,
orientated perpendicular to the reef front. At the seaward end of the zone, the grooves
widen and ridges form between them. These ridges either terminate abruptly as a small
scarp 2 - 3 m high or extend deeper as reef-normal features 2 - 3 m high, and 2 - 5 m
wide. The seaward end of these deeper ridges was not observed. The landward terminus
of this zone is more abrupt, marked by a vertical or overhanging reef scarp at the end of
the grooves around 5 m high. Often the grooves expand at the base of the scarp into
small amphitheatres a few metres wide (maximum 10 m ) . Along the southern reef front,
these amphitheatres form completely enclosed depressions or are overgrown by coral
on their seaward side.

Unconsolidated sediment is generally restricted to the base of the grooves. The larges
volume of sand occurs at the deeper end of the zone where the grooves expand or the
reef ridges terminate. Coarse, sub to well-rounded coral gravel and sand occur at the
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base of the grooves, with sand drapes and ripples being c o m m o n . In the northern
section of the reef the terminus of the grooves is dominated by cobbles and boulders >
100 m m in size and covered by a sand drape with scattered macroalgae growth. O n the
southern reef front very coarse-sand forms linear ripples 250 - 300 m m high between
the reef ridges. A well-lithified 'hard ground' is exposed between the ripple crests
(Figure 4.04a).

High current velocities were observed in this zone which suspended medium and finegrained sand, and m o v e d coarser material as traction load. The currents were
concentrated within the grooves and surges appeared to be coincident within incident
wave period. Little unconsolidated sand or gravel is found outside of the grooves or in
the small depressions close to the reef scarp.

Encrusting and platy forms of the coral Acropora palifera dominate this zone. These are
most prolific on the upper surfaces of the grooves forming laterally projecting ledges
(Figure 4.04b). This is especially observable on the reef scarp where its upper section
m a y project out over 1 m from its base. The sides of the grooves below these
outgrowths are generally devoid of live coral growth. This coral produces an open
framework with a high proportion of void space, and little secondary infill. Other domal
and encrusting corals occur through this zone, however branching forms are
uncommon. B r o w n turf algae, and coralline algae are c o m m o n on the upper surfaces
between the grooves and in the depressions close to the reef scarp. Algal encrustation
appears to cover the entire exposed framework. This abundant growth would suggest
that the morphology of this zone is accretionary rather than inherited from the preHolocene surface.
4.2.2 5-metre Terrace
A relatively flat surface forms from the top of the reef scarp at a depth of 5 m landward
to the spur and groove zone. Undulations occur across the zone providing relief of
approximately 1 m . The axes of the troughs often align and intersect with that of the
buttress zone grooves. The 'terrace' dips slightly landward, however its shallowest edge
could not be observed due to high wave energy. Unconsolidated sediment does not

Figure 4.04: Characteristic substrate of the reef-front; a) Symmetrical sand and
gravel ripples developed over a well-lithified 'hard ground' exposed between the
ripple crests (depth 17 m ) ; b) View along groove in buttress zone from 16 m depth
towards the reef crest. Note lateral accretion of corals towards top of groove walls;
c) Acropora palifera dominated substrate of the 5-m 'terrace' showing the
interlocking character of the coral growth and lack of unconsolidated sediment.
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occur within this zone, the substrate being composed of interlocking colonies of live
and dead Acropora palifera (Figure 4.04c). Scattered macroalgae and soft coral also
grow between the Acropora colonies. Branching corals were not observed in this zone,
and it is an area of high wave energy under storm conditions.

4.2.3 Spur and Groove Zone

The spur and groove zone occurs from the edge of the 5-m terrace to approximately low
tide level. High wave energy prevented direct observation of this zone, however the
zones spatial distribution can be discerned in aerial photography. Spur and grooves are
well developed along the southernmost edge of the reef and between Blackburn Island
Passage and North Passage. Smaller spur and groove structures are present within and
between Blackburn Island Passage and Erscotts Passage. The degree of development of
the zone appears to correlate with that of the cemented rubble zone (see Section 4.2.5).
The more pronounced the spur and grooves, the more pronounced the rubble and vice
versa.

Spur and grooves are 2 - 5 m high, orientated perpendicular to the reef crest. The
framework of the zone contains a large proportion of voids, with caves and tunnels
being formed by overgrowing coral (Slater and Phipps 1977). There appears to be a
considerable amount of volcanic sediment interbedded with the coral and encrusting
algae. This is of importance as basalt does not appear to outcrop on the reef front, and
must therefore be transported through the lagoon to be deposited there. The coral
species Acropora, Favia, Favities, Montastrea, Porites and Turbinaria are c o m m o n
within the zone (Slater and Phipps 1977).

4.2.4 Algal Pavement Zone

The algal pavement zone forms a 30 - 50 m wide surface from the spur and groove
zone landward to the cemented rubble zone. It has a seaward dip of a few degrees and is
exposed by the lowest tides. The seaward edge was not observed but presumably
interfingers with the spur and groove zone. Landward there is a sharp contact with the
cemented rubble zone, which appears to overlie the algal pavement. The pavement is
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not uniformly smooth, but contains numerous small holes up to 100 m m wide and 100
m m deep. The only projections above low tide level are coral boulders in the process of
lagoonward transport. A s this zone is swept by waves, even at the lowest tides, there is
virtually no unconsolidated sediment. The only accumulations of sediment occur within
the small holes.

The algal pavement zone is dominated by encrusting coralline and brown turf algae that
form a uniformly thick > 2 - 3 m m layer across 8 5 % of the area. Similar to the Great
Barrier Reef, this algae does not form a distinct ridge on the reef front (Hopley 1982)
although the species that can produceridges,namely Lithothamniom and Porolithon,
are present. Coral growth is restricted to the small holes where isolated Goniastrea
species occur. Small echinoid species also live in these holes. Soft coral is also scattered
across the surface.

4.2.5 Cemented Rubble Zone

Cemented rubble is the most elevated part of the reef crest, occurring between mean
low and mean high tide level. This zone is found along the entire reef crest, forming
from the lagoonward edge of the reef to edge of the algal pavement zone. In some
places, the rubble extends into the lagoon as an elongate tongue up to 200 m long.
These tongues are well-developed in the northern half of the lagoon, with only one
occurring in the southern half. Their width decreases from 15 - 100 m at the seaward
edge to less than 10 m at their lagoonward terminus.

At the seaward edge of the zone, there is a sharp contact between the rubble and the
algal pavement, which can be traced along the entire length of the zone. The
morphology of the landward edge is, however, variable. At the lagoonward end of the
tongues the gravel merges with lagoonal sand as cementation lessens, and
unconsolidated sands become more abundant. The transition between the rubble zone
and lagoon is more abrupt away from the gravel tongues. Within Erscotts Hole, the
zone forms a steeply dipping uncemented rubble m o u n d of coral blocks that are subrounded and range in size from 0.2 m to 0.5 m (Figure 4.05a). This rubble appears to
overlap the lagoonal sandy sediment and be actively burying it. A few scattered

85

Pocillopora damicornis are found on its surface which suggests low stability. If the
stability was greater then it m a y develop a benthic community m u c h like the patch reef
15 m further landward.

Gravel clasts on the exposed intertidal surface of this zone are almost exclusively
composed of coral that are sub- to well-rounded and generally less than 100 m m long
( m a x i m u m 300 - 400 m m ) . Clasts are generally larger along the southern edge of the
reef. All clasts are imbricated, dipping towards the ocean. In the central parts of the
reef, between North and South Passage, the boulder zone is well-cemented having algal
encrustations of a few millimetres (Figure 4.05b). This encrustation is greatest along the
edge of the bars and at the seaward limit of the zone. Cementation is lower along the
southern reef crest, and contains unconsolidated coarse sand which is absent in the
central parts of the reef. Coral species are hard to determine due to the algal
encrustation. Branching-coral clasts appear to be restricted to the uncemented southern
parts of the reef, which is interesting given the widespread branching-coral growth at
the lagoonward edge of the cemented rubble zone. This would imply that there is little
seaward gravel transport. Basalt pebbles are absent from the central part of this zone but
are c o m m o n at the northern limit of the reef crest in North Bay.

As this zone is fully exposed during every tidal cycle, no live coral growth occurs on i
surface. Isolated patches of luxuriant patch reef growth occur within the largest bar, and
some small Pocillopora damicornis colonies grow on the subtidal lagoonward side of
the bars. In North Bay a cemented gravel terrace 2 - 3 m above m e a n sea level occurs
where the zone intersects the shoreline. It contains a similar composition to the rest of
the zone in North Bay. A pedestal on the reef crest occurs 50 - 100 m from this terrace,
is elevated between 0.5 and 1 m above the rest of the zone with a composition that is
similar to the rest of the reef crest in North Bay.

4.2.6 Back-Reef Zone

The back-reef zone extends from the cemented rubble zone up to 400 m into the lagoon
where its transition with the bare sand zone is coincident with the end of the rubble
tongues (Figures 4.02 and 4.03). It is present behind all sections of the reef, being well-
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developed in areas protected from direct wave impact, and therefore occurs where there
is a well-defined reef crest. The poorly-defined reef crest limits the distribution of the
zone in the southern half of the lagoon. The zone has a m a x i m u m water depth of 5 m
directly behind the reef crest but is generally between 0.5 and 2 m deep. Where
passages bisect the reef, the back-reef m a y grade into more exposed reef front zones.
Slight lineations are observable from aerial photography caused by preferential
orientation of coral growth and sand patches orientated perpendicular to the reef crest.

Coral and algal growth occupy approximately 75% of the zone growing over a hard
substrate composed of in situ and transported gravel, however the relation with deeper
subsurface sediment is uncertain (Figure 4.06a). Rubble is sub-angular to sub-rounded,
and scattered across the surface being sourced from the surrounding benthic
communities. Within the small sand patches which are interspersed between the coral,
gravel occurs at a depth of 100 to 200 m m .

Brown macroalgae dominates the benthic communities covering 40 - 60% of the
substrate. Scleractinian coral cover ranges between 20 - 4 0 % , being composed
predominantly of columnar Porites lichen up to 0.5 m high, with scattered platy
Acropora palifera and branching Pocillopora damicornis (Figure 4.06a). A part of this
zone at the southern end of this reef was surveyed by Harriott et al. (1995). They found
the benthic communities were dominated by algae ( 5 1 % cover), with hard coral cover
around 3 0 % (dominated by an Acropora palifera cover of 2 0 % ) , and non-live substrate
of 1 1 % (composed of 1 % boulders, 3 % dead coral, 7 % rubble and 1 % sand). The low
proportion of sand is probably related to the exposure of this site as sand patches tend to
decrease in size and occurrence towards the reef crest.

At the lagoonward edge of the zone, sand patches become more common and the zone
transforms into bare sand. In the southern half of the lagoon the transition is not as
distinct. The lagoon progressively deepens by a couple of metres, and the benthic
communities gradually change as the back-reef zone grades into the lagoonal coral
zone.
The coral cover is composed of branching and platy species and increases significantly
towards the passages through the reef. Sand patches are sparsely distributed with coral
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Figure 4.06: Benthic communities within the lagoon, a) The back-reef zone close
to North Passage (at surface sample site 107). Note abundant coral and algal growth
over a cemented substrate with scattered sand patches; b) juxtaposition of mobile
sand ripples and reef growth at Comets Hole. The edge of the hole is located just
behind the diver; c) bare sand with scattered algal and seagrass growth at surface
sampling site 113. Molluscs rather than coral dominate the gravel fraction.
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and brown algae communities which appear to be developed over a cemented rubble
substrate. These reef-passage communities tend to grade into the back-reef zone close
to the reef passages and cannot therefore be mapped as a distinct zone in figure 4.02.

4.2.7 Lagoonal Coral Zone

The lagoonal coral zone is on average 2 m deep and occurs directly lagoonward of the
back-reef zone and is especially extensive in the southern half of the lagoon and around
Blackburn Island. The zone is widest (600 m ) between Blackburn Island and Erscotts
Hole. A series of sand channels at least 35 m wide and generally 0.5 - 1 m deeper than
the surrounding lagoonfloor,bisect the centre of the zone around Comets Hole. The
morphology from aerial photographs is dominated by circular growth of coral and
associated algae communities. Closer to the back-reef zone, coral and algal growth is
concentrated around circular sand patches (< 75 m wide). The benthic communities
decrease in diversity outwards as a series of small concentric ridges 0.5 - 1 m high. In
the centre of the lagoon and close to land, coral growth is concentrated on large circular
features between 100 and 150 m wide which are surrounded by bare sand (Figure 4.02).

The substrate of the lagoonal coral zone is variable. Closer to the reef crest, where t
lagoonal coral zone grades into the back-reef, the proportion of coral growth increases.
These communities are developed over a substrate of cemented gravel and
unconsolidated sand. The proportion of gravel appears to increase towards the reef,
however it could not be ascertained whether the deposits were allochthonous or
autochthonous. The sand patches contained scattered gravel on their surface and
commonly had thick sediment accumulations. For example, a kidney-shaped patch on
the boundary with the back-reef zone contains at least 2.2 m of sand (see Chapter 6).
Sediment thickness on the large circular features closer to shore was less with an
encrusted coral framework encountered within 200 m m of the surface. The encrusted
coral, which appeared to be in growth position, contained a range of species, although
algal coatings made species identification impossible.

As this zone spatially extends across a range of environments from the centre of the
lagoon to near the reef crest the composition of the benthic communities changes. The
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seaward part of the zone has a composition similar to the back-reef. Coral and algal
cover generally decreases landward as does the proportion of coral especially when
compared to brown macroalgae. The branching coral Pocillopora damicornis is the
dominant species. Harriott et al. (1995) surveyed a site at the seaward edge of this zone
and found brown macroalgae cover between 30 - 5 2 % while sand and rubble accounted
for 21 - 3 0 % . P. damicornis accounted for only 6 % of the total benthic communities.

4.2.8 Patch Reefs and Lagoonal Holes

In some isolated parts of the back-reef zone, directly behind the reef-top rubble,
luxuriant patch reef growth occurs. These reefs contain the most diverse lagoonal coral
populations, forming in depressions up to 5 m deep that are bounded by the rubble zone
on their seaward side. Erscotts Hole is the best example of these reefs. The patch reef
measures 25 m by 35 m , and has developed from around 4 m depth to just below low
tide level. Branching corals (mainly Acropora and Porites species) dominate all the
patches, with an algal cover of around 1 0 % . These reefs generally grade landward into
the back-reef zone as the holes shallow away from the reef crest.

A patch reef containing luxuriant coral growth also occurs within the lagoonal coral
zone The reef, called Comets Reef, is located on the edge of one of the large circular
features of the lagoonal coral zone. The reef has a semi-circular pattern approximately
200 m wide and extends a depth of 10 m along the edge of Comets Hole. The lower 8 m
of the reef is actively being buried by a prograding sand wedge that is infilling the hole
(Figure 4.06b). Coral cover is luxuriant being composed of Porites (28%), Seriatopora
hysterix (11%), Pocillopora damicornis (3%), and Stylophora pistillata (2%). Live and
dead coral accounts for 6 9 % of the reef surface (Harriott et al. 1995). Reef growth is
concentrated in the shallower sections (Figure 4.06b). Lateral progradation into Comets
Hole appears to be occurring through block toppling.

One patch reef occurs within the bare sand zone in Old Settlement Bay (Figure 4.02).
The Sylphs Hole reef is approximately 150 m long and 25 m wide, with a 6 m deep hole
on its southern side. Like Comets Reef, it has an accretionary reef structure that extends
to the base of the hole, but this reef does not contain luxuriant coral growth. Close to
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5 0 % of the reef surface is composed of detritus or dead coral, with soft coral covering
2 0 % and Caulerpa algae covering 1 4 % of the surface (Harriott et al. 1995, Cross 1996).
The reef appears to be in a period of decline with a change in species cover and
dominance (from Pocillopora to Porites) in less than 20 years (Veron and Done 1979,
Harriott et al. 1995).

4.2.9 Bare Sand Zone

The bare sand zone occupies the majority of the lagoon floor from the edge of the
lagoonal coral or back-reef zones to the shoreline. It is virtually horizontal deepening
gradually towards the reef crest passages. S o m e surface circular patterns are observed
in the southern half of the lagoon where this zone merges with the lagoonal coral zone.

The sandy substrate of the zone does not appear to be stable. High velocity currents
were observed throughout the lagoon, and symmetrical sandripplesup to 100 m m high
cover the sandy surface (Figure 4.06b). The sediment mobility means that most of the
bare sand zone is inhospitable for benthic faunal and floral colonisation. Small surface
mounds, characteristic of Callianassa burrowing, were absent. Approximately 6 5 % of
the area is composed of unconsolidated bare sand with scattered

Pocillopora

damicornis colonies up to 0.5 m high but generally less than 0.3 m . This coral is the
most widespread species within the bare sand zone. Large coral patches of Acropora
horrida occur in North Bay. These form elongate patches 100's of metres long, from
the lagoon floor to low tide level, however, unlike Comets Reef they do not appear to
have accreted a substantial hard substrate.

Macroalgae and seagrass are also common, however they tend to be limited to the
landwardmost areas of the zone. Within Old Settlement Bay, algae produce small
mounds up to 100 m m high by trapping and binding sediment. Off the southern part of
Lagoon Beach benthic algal growth is also c o m m o n but less dense than in Old
Settlement Bay. Live coral growth is generally rare with molluscs often dominating the
surface gravel (Figure 4.06c).
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4.2.10 Intertidal Algal Flats

Intertidal algal flats occur along the edges of Old Settlement Bay and on the western
edge of North Bay. They form just below low tide level and are therefore completely
exposed at spring low water. In Old Settlement Bay theflatextends from the toe of the
beach 20 m to the edge of Sylphs Hole and along the coast to Dawsons Point (Figures
4.01 and 4.02). A small tidal delta at the southern edge of Old Settlement Beach limits
further extension of this zone. The North Bay algal flat similarly forms at the base of
North Beach and extends up to 15 m from the shore. The surface of this zone is near
horizontal with occasional troughs where the algal cover has been removed. Algal mats
are compact with a distinct reducing layer occurring just below the surface and appear
to have been relatively stable over the past 30 years based on aerial photograph
interpretation. N o gravel material occurs within this zone, but is present on the beach
shoreward. It therefore appears that high-energy events are capable of transporting this
material across theflats,with the algae remaining largely unaffected.

4.3 Sedimentary Textural Characteristics
The textural character of the surface sediments will be determined by the organisms
inhabiting the benthic zones. The final composition of this material will be dependent
on a range of physical, chemical and biological processes outlined in Chapter 2. The
interpretation of sediment size character is important in determining the relation
between life and death assemblages in the lagoon, and the extant hydrodynamic
environment. Surface sediments are also the key to any interpretation of subsurface
stratigraphy. Differences between the sediment characteristics of the surface and
subsurface can give an indication of changing environments of deposition and grain
preservation. 74 surface samples were collected from the lagoon for size analysis. T o
ensure a representative suite of samples, material was collected from evenly distributed
sites in the major lagoonal zones (Figure 4.07).
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Figure 4.07: Location of surface sediment sampling sites on Lord H o w e Island.
Contour Interval 50 m.
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4.3.1 Mean Grain Size

Surface sediments range in mean grain size from pebble (-2.160) to fine sand (2.730)
size. The majority of the samples; however, are between very coarse-sand (-0.50) and
medium-sand (1.50) (Figure 4.08). Grain sizes coarser than -10 were generally
composed of coral or rhodoliths. This occurred in the coarsest sample 116 (-2.16 0) at
the seaward edge of the lagoonal coral zone, which included a few coral branches and
was 1.380 higher than the next coarsest sample (sample 136 at the base of the buttress
zone (not on map)). The next coarsest sample within the lagoon is sample 13 (near
Blackburn Island) with a mean grain size of-0.48 0.

Figure 4.08: Distribution of mean grain size through the lagoon showing general coarseness of sediment.

Very coarse-sand (-1.00 - 0.00) occurs close to the reef crest either in the back-reef
zone, reef passages or at the base of wave swash on the lagoonal beaches. These areas
are generally high energy being subjected to wave breaking or swash. The finest
samples on the other hand, being medium to fine-sand sized, tend to occur at the base of
lagoonal holes (sample 125) or areas associated with seagrass (such as sample 109 in
Old Settlement Bay, and sample 54 at the southern end of lagoon beach). These
environments tend to be low energy as indicated by seagrass growth and a general lack
of sediment ripples. Autochthonous sediment production within these low-energy
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environments can cause sediment to be significantly coarser. For example the algal flats
of North Bay (sample 2) have a mean grain size comparable to the base of the reef in
Erscotts Blind Passage (sample 131). Although the North Bay algalflatsare subject to
some high energy events, the m e a n energy environment is m u c h lower than Erscotts
Blind Passage where heavy wave breaking occurs for a large proportion of the year.

The majority of samples (68%) are very coarse to coarse-sand, with no relation
appearing to occur between either energy regime or lagoonal zonation. There is a
general trend for sediment to be coarser towards the reef crest andfinersamples located
close to shore. The complexity of size distribution is best illustrated in the lagoonal
coral zone, where both fine material at the base of Comets Hole is juxtaposed next to a
coarse-sand slope with coarse to medium-grained samples occurring between the coral
patches. Generallyfinermaterial is located in the southern half of the lagoon and in Old
Settlement Bay. M e a n sample size close to rocky outcrops tends to be larger, and this
m a y relate to either sourcing coarser sediment from the outcrop or wave breaking
winnowing finer sediments.

4.3.2 Sorting

Sediment sorting can indicate the amount of uniformity in the energy environment. A
uniform hydrodynamic regime (such as on a beachface) tends to increase sorting
especially compared with those sediments which are subjected tofluctuatingenergy
conditions. In situ production of sediment can often complicate interpretation by
broadening sediment distribution and hence produce a poorer sorting. The sorting
values for the surface sediment range from well sorted (0.38, sample 117) to poorly
sorted (1.78, sample 129). O n e sample on the edge of the back-reef, lagoon coral, and
bare sand zones (sample 13), is extremely poorly sorted (3.05). This large value is
attributable to large gravel sticks in the sample. The majority of the lagoon samples
tend to be moderately to poorly-sorted.

Correlations between sorting and sample location are less distinct than observed in the
m e a n size analysis. The distribution of sorting throughout the lagoon (Figure 4.09) is
varied with the southern half being generally better sorted. Well-sorted samples tend to
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occur behind the reef crest, near reef channels or along the intertidal zone of the beach,
although this does not occur in all samples from these locations. Poorly-sorted samples
on the other hand occur throughout the lagoon, with the poorest sorting occurring in
Old Settlement Bay, North Bay, the base of Erscotts Blind Passage at a depth of 25 m
and the southern end of Lagoon Beach. This distribution generally corresponds to the
exits of small creeks into the lagoon and benthic macroalgae growth. Transport of
coarser material into the lagoon by the creeks, often non-carbonate material and in situ
sediment production within the algal communities could all provide coarse material
which would decrease sorting values.

Figure 4.09: Distribution of lagoonal sorting values showing the poorly sorted nature of the sediment.

Comparing the mean grain size and sorting values, two groupings can be broadly
defined (Figure 4.10). The bulk of the lagoon is clustered around a medium/coarse
poorly-sorted sand, with finer samples being located in areas of high algal growth (eg
samples 5, 6, and 54). The second grouping includes coarse to very coarse, moderately
well to well-sorted sand. This occurs in the high wave energy zones of the reef along
the back-reef zone, within or close to the lagoonal passages and along the shoreline of
Lagoon Beach. Apart from these slight groupings, the whole lagoon is fairly uniform
with the majority of samples clustered close together.
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Figure 4.10: Comparison of sediment characteristics of the Lord H o w e Island lagoon surface. Coarsest
sample (116, M z = -2.160) is excluded as it is an outlier in this distribution.
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4.3.3 Skewness

Skewness within the lagoon ranges from strongly coarse-skewed (-0.53) to fine-skewed
(0.34). The majority of samples (45%) are coarse-skewed, while 3 3 % and 2 1 % are near
symmetrical or fine-skewed respectively. Coarse-skewed samples are distributed
reasonably evenly through the lagoon and all surface zones (Figure 4.11). Similarly,
near-symmetrical samples have a widespread distribution, although they preferentially
occur in the lagoonal bare sand zone. There is a concentration of symmetrical samples
between Signal Point and the reef crest. This area contains very little benthic growth
and is also one of the shallower parts of the lagoon. Fine-skewed samples tend to be
concentrated within the southern half of the lagoon, especially within the lagoonal coral
zone. The two samples that occur within the northern part of the lagoon that are fineskewed are protected by a lagoonal calcarenite outcrop (sample 9), or occur within the
algal flat zone (sample 20).

Figure 4.11: Distribution of sediment skewness values through the lagoon. Note the concentration of
finely skewed samples in the southern half of the lagoon.
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4.4 Sediment Composition

Compositional analysis was undertaken on 38 samples in a series of 5 shore-normal,
and one shore-parallel transect in order to determine the sediment source and relation to
the live benthic communities (Figure 4.07). A s two different methods were used for the
sand and gravel size fraction (see section 3.9.2), these results are presented separately.
A range of grain types were found within the lagoon ranging from red algae to olivine
grains (Figure 4.12), and are presented below from the most to least c o m m o n . Grain
types can be broadly subdivided into two types, those that contain evidence of
micritization and those which do not. Micritization was recognised as a progressive loss
of the grains crystal structure accompanied by a brown and yellow colouration. This
recrystallization either occurred pervasively throughout the grains or as a distinct front
separating micritized and unmicritized parts of the grain.

4.4.1 Micritized Coralline Algae

Micritized coralline algae are the most common constituent of the lagoonal sediments.
Between 1 6 % and 6 4 % of the sand-sized sediment is composed of coralline algae with
over 5 0 % of samples having a composition greater than 3 0 % . The algae is composed
almost exclusively of the red alga Lithothamniom

(Figure 4.12). T h e degree of

micritization of these grains is varied, with some retaining only a hint of their original
algal structure. Micritization appears to occur early during algae growth. Thin sections
of actively growing rhodoliths show this recrystallization through the clasts from the
actively growing surface to the contact with the underlying clast. T h e degree of
recrystallization is similar to that observed in the unconsolidated sand.

Micritized coralline algae grains tend to preferentially occupy the coarsest size fracti
and are sub to well rounded. They account for the largest proportion of sand towards the
centre of the lagoon, irrespective of surface zonation or proximity to the reef crest
(Figure 4.13 and 4.14). The highest single concentration of micritized algae (64%)
occurs on the edge of Comets Hole (sample 126). This site is one of the better sorted
samples in the lagoon and occurs on an active sand wedge infilling Comets Hole. The
sediment in the wedge is allochthonous, sourced from the neighbouring sand channel.
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A s it is dominated by coralline algae it would suggest that algae are both easily
transportable and plentiful enough to provide the sediment for infilling the lagoonal
hole. The low composition of micritized red algae in the base of Comets Hole (sample
125) suggests that algae is transported primarily as bedload rather than as suspended
fine sand. The lowest concentration of micritized algae occurs along the beaches such
as within North Bay, Old Settlement Bay, and the centre of Lagoon Beach. These areas
correspond to a higher benthic cover of macroalgae and seagrass. The importance of red
algae in the overall sediment budget of the lagoon is also seen in the high amounts of
encrustation of gravel clasts by this species, as well as its observed abundance within
the reef crest communities. This red algae is also found to be the dominant
compositional element of the terrestrial calcarenite dunes (Mattes 1974, Woodroffe et
al. 1995, Brooke 1999).

Figure 4.13: The abundance of sand-sized micritized coralline algae through the lagoon.
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Figure 4.14: Surface sediment transect perpendicular to the shoreline; a) between the Wharf and reef crest
and b) through the lagoonal coral zone just south of Blackburn Island showing the topography of the lagoon
floor, sediment size characteristics and compositional distribution. Compositional data is for the sand size
fraction only, the key is the same for both transects.
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4.4.2 Partially Recrystallised Grains

In most samples, the second or third most common constituent is an unidentifiable grain
with minor recrystallization which has a composition of between 1 % and 39 % of the
sand size fraction. These grains (Figure 4.12) tend to be transparent in plain polarised
light. T h e grains extinction pattern is random with the crystal structure lacking the
characteristic pattern that occurs in coral and shell. It also does not contain the large
crystals that characterise calcite infills in the calcarenite dunes. T h e grains are also
c o m m o n l y crossed by dark lines and appear to have s o m e minor recrystallization,
usually micritic. This recrystallization appears to have destroyed any characteristic
crystalline features that could be used to grain identification, but has not proceeded far
enough to be considered micritic. Large grains of this type are rare with the percent
composition being inversely proportional to the grain size (Figure 4.15).

The lagoonal distribution of these grains is similar to the grain size distribution (Figu
4.16). T h e lagoon shore and embayed environments contain the highest percentage
composition, while lowest composition occurs directly behind the reef crest. Areas of
moderate composition ( 1 6 % - 2 3 % ) are generally restricted to the centre of the lagoon,
both within the lagoonal coral and bare sand zones. T h e two samples from Erscotts
Blind Passage also had a moderate composition of partially recrystallised grains.
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Figure 4.15: Relation between grain size and the composition of partially recrystallised grains.
Regression line (r2 = 0.686) shows the increase in composition with decreasing grain size.
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Figure 4.16: T h e abundance of sand-size partially recrystallised grains through the lagoon.
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4.4.3 Molluscs

Molluscs account for 9% to 21% of the samples sand fraction. This represents the most
abundant grain type whose origin is definitely attributable to modern lagoonal
sedimentation. The grains contain little or no micritization with the original crystal
structure being easily recognised. Mollusc composition is highest ( > 1 5 % ) along the
shoreward edge of the lagoon decreasing towards the reef crest (Figure 4.17), except
within Old Settlement. Within Old Settlement Bay the mollusc composition increases
towards Dawsons Point, from where there is a slight decrease towards the reef crest,
although the total composition is still greater than the landward parts of the transect
(Figure 4.18). T h e highest proportion of molluscs occur within the wharf transect
(Figure 4.14) and on the landward side of Comets Hole. The lowest composition (<
1 2 % ) occurs in the back-reef zone (except sample 107) and Erscotts Blind Passage. The
proportion of molluscs is therefore greatest in those reef zones which do not have hard
substrates.

Figure 4.17: The abundance of sand-size mollusc grains through the lagoon.
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4.4.4 Micritic Grains

Micritic grains comprise a group of clasts which includes micritized examples of the
modern grains, micrite where none of the original clast structure is evident, and
lithoclasts where a range of grains are cemented together in one grain (Figure 4.12).
Micritic grains compose between 6 % - 2 5 % of the sand, with 15 samples (39%) having
a composition of over 1 8 % . The highest composition (>18%) occurs both directly
behind the reef crest as well as along the shore at Signal Point and in North Bay (Figure
4.19). Lowest composition (<13%) generally occurs in the centre of the lagoon,
however, these areas are commonly juxtaposed next to samples at the upper end of
micritic composition (Figure 4.19). The various micritic subgroups all have individual
compositions of less than 10 %. The one exception is a sample taken from a bare sand
patch in the back-reef zone on the edge of Blackburn Island Passage (sample 117)
where micritic lithoclasts comprised 1 9 % of the sample. The next most c o m m o n
micritic lithoclast subgroup occurs next to South Passage (sample 140) with a content
of 1 1 % , while the bulk of samples generally have compositions less than 5 % . The
origin of these lithoclasts is difficult to establish as they can be derived from both in
situ cementation, faecal pellets or eroded from the calcarenite dunes.

4.4.5 Coral

The composition of coral through the lagoon ranges from 1% to 22%, with only 2 sites
(samples 117 and 131) having a composition > 1 4 % of the sand (Figure 4.20). The
highest proportion of coral occurs in the back-reef zone just behind the reef crest and
the lagoonal sand zone between the northern end of Lagoon Beach and the reef crest
(Figures 4.20 and 4.18). The highest value of 2 2 % occurs at the base of the reef in
Erscotts Blind Passage (sample 129). Samples where the coral accounts for < 1 0 % of the
sand are scattered across the whole lagoon (Figure 4.20). The composition of coral in
the sediments below Acropora horrida patches in North Bay is interesting. A sample
collected on the edge of the patches (105) and one within the patches (106) had coral
compositions of 1 2 % and 8 % respectively. The low amount of coral especially in the
sample from within the patches suggests that the A. horrida is not readily producing
sediment in the sand size range, or it is not remaining within these patches. A low
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composition of coral being associated with benthic live coral growth appears to be a
c o m m o n pattern throughout the lagoon.

Figure 4.19: The abundance of sand-size micritic grains through the lagoon.

Figure 4.20: The abundance of sand-size coral grains through the lagoon.

108

4.4.6 Foraminifera

Foraminifera compose between 0% and 14% of the surface sand with the majority of
samples containing 1 - 5 % . The highest concentrations occur close to the reef crest
(samples 107, 122 and 131), and within the swash zone of Lagoon Beach (sample
141)(Figure 4.21). The distribution through the rest of the lagoon is however quite
uniform. O n e species of foraminifera comprise around 9 0 % of the specimens found.
This is a star-shaped, epifaunal or clinging genus, identified as Baculogypsina sp. (S.
Haslett pers. comm.). It is often found living attached to seagrass and seldom lives
below 15 m depth. It prefers temperatures higher than 25°C, and is thus a tropical
species. The large amounts of benthic algal growth within the back-reef zone provide an
ideal environment for these foraminifera, thereby giving the observed compositional
distribution.

Figure 4.21: The abundance of sand-size foraminifera grains through the lagoon.
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4.4.7Non-Carbonate

Grains

Non-carbonate grains are composed of a mix of olivine, feldspar, some quartz and
basaltic grains. S o m e siliceous sponge spicules occur but are generally limited to one or
two grains per slide, and are therefore insignificant in terms of the lagoonal sediment
volume. The composition of non-carbonate grains ranges between 0 % and 2 1 % , with
1 6 % (6 samples) containing no non-carbonate material. The areas of highest noncarbonate composition occur at the southern end of the lagoon (sample 41) and at the
base of Erscotts Blind Passage (sample 129) which have a composition of 2 1 % and
1 0 % respectively (Figure 4.22). The high proportion of non-carbonate grains at the base
of Erscotts Blind Passage suggests that there m a y be some transfer of basaltic material
through the passages out of the lagoon. Proximity to the basaltic hills does not,
however, appear to be a factor in the lagoonal sediment distribution. The transect
between Lagoon Beach and the north central reef crest has a content up to 7 % , while
the samples next to Dawsons Point and close to shore in Old Settlement Bay and North
Bay all have compositions of 5 % . Apart from at the southernmost end of the lagoon, the
back-reef zone has the least amount of non-carbonate material in its sediment.

Figure 4.22: The abundance of sand-size non-carbonate grains through the lagoon.
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4.4.8 Echinoids and Bryozoans

Echinoid and bryozoan fragments are the least abundant grains comprising between 0
and 6 % of the sand. Echinoid grains are generally more c o m m o n than bryozoans,
however their relative distribution through the lagoon is very similar. Bryozoans are
comprised of a few types of grains from purple coloured encrusting forms to a semicircular orange type the latter being very c o m m o n in some layers in the calcarenite
dunes (Brooke 1999). Echinoid grains include small plate fragments and spines of
various sizes. Polychaetes (worm tubes) are also present but only as a very minor
proportion of the sand and do not appear to have any relation to surface zonation.

4.5 Gravel Composition

Gravel composition was analysed using the entire gravel fraction sieved from the
sediments that were thin sectioned. Gravel content of these samples is generally low
with only 2 9 % (11 samples) having a content greater than 1 0 % , only one sample (116)
was greater than 2 0 % . Gravel identification was undertaken through a binocular
microscope. Grain surface features such as cells and pores are key to grain classification
(Section 3.9.2). Unfortunately most of the sampled gravels were sub to well-rounded,
abraded and lacked any surface structural features. A thin layer of encrustation further
obscured surface structure. Samples were therefore only broadly classified as detailed
examination was impossible.

The main gravel components were, in order of abundance, coralline algae, coral, shell,
echinoid, foraminifera, and crustacean fragments (for full component details see
appendix II). Algal material is composed of sub to well-rounded grains and accounts for
5 % to 9 0 % of the gravel. Larger grains are commonly composed of branching algae.
The lagoonal distribution is varied with higher compositions tending to occur in
association with coral, such as the lagoonal coral zone and areas of coral patches in the
lagoonal sand zone. The lowest compositions (<50%) occur in those areas closest to the
reef crest, in Erscotts Blind Passage (samples 129 and 131) and in the back-reef zone
near North Passage (sample 107). Three types of larger pebble size rhodoliths (i.e.
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boxwork, praline, unattached branches), described by Basso (1998) on the
Mediterranean shelf, are relatively abundant across the lagoon.

Coral gravel, most commonly branches, is widely distributed across the lagoons
surface. Coral composition ranges from 0 % - 4 0 % of the gravel. The areas of highest
concentration occur in the Comets Hole reef and within the lagoonal sand zone in the
northern half of the lagoon. These areas correspond to the scattered Pocillopora
damicornis, although the Acropora horrida patches in North Bay, the back-reef and
lagoonal coral zones all have a relatively low coral composition of between 5 % and
2 5 % . The rapid breakdown of coral clasts or rapid inclusion into the cemented substrate
m a y explain this apparent paucity.

Shell composition ranges up to 50%, with only two samples directly behind the reef
crest (samples 107 and 117) being greater than 3 0 % . The shell material is mostly
angular and broken with few pristine whole shells. Bivalve shells dominate the larger
fragments, while whole gastropods compose the smaller component. The highest
composition of shell occurs in Erscotts Blind Passage and in the back-reef zone near
North Passage. The lagoonal sand and coral zones tend to have a shell composition of <
1 0 % of the gravel, however, the algal flats close to shore in North Bay contain a higher
percentage (20%).

Echinoids, foraminifera and crustacean fragments are generally a minor component. In
the areas closest to the reef crest (samples 107, 131, and 140), echinoids comprise
between 1 - 1 5 % of the sample. Echinoids tend to be concentrated around those areas
with a hard coral substrate or abundant coral growth. Foraminifera have a similar
distribution; however, they tend to be concentrated towards the centre of the lagoon,
generally not occurring close to the reef crest. They are almost exclusively composed of
Marginopora

species, which tend to be easily reworked throughout the lagoon.

Crustacean fragments are also c o m m o n uniformly distributed throughout the lagoon.
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4.6 Cluster Analysis
The distribution of compositional elements within the lagoon is not uniform. The most
general pattern observable is that the proportion of each grain type changes in relation
to distance from the reef crest. There appears to be little relation between surface
compositional distribution and the lagoonal zonation. T o analyse whether the combined
sediment assemblage, rather than each individual type, can be related to a lagoonwide
pattern clustering analysis was conducted. Standard Wards clustering techniques of the
non-standardised counts was conducted using the programme J M P version 2 (see
Gauch (1982) and Institute (1994) for a detailed explanation of this technique).

The first clustering analysis was undertaken using all the identified components in the
thin sections. T h e gravel fraction was not included because of the identification
problems caused by a loss of surface features. Five clusters can be identified that can be
considered as separate from each other (Figure 4.23a). Cluster one, the most distinct,
includes samples from the base of Erscotts Blind Passage, Comets Hole, but also within
North Passage, therefore grouping together two very different environments. The next
most distinct cluster includes samples from the centre of the lagoon, behind the reef
crest and the base of Lagoon Beach, all areas of moderate to high wave energy. The
third and smallest cluster groups samples from the directly behind the reef crest. The
final two clusters including a range of environments from the patch reef to the algal
flats which includes m a n y samples from the centre of the lagoon.

Using mean comparison techniques it is possible to define those parameters which best
define each cluster and ignore those that do not provide any useful information. Coral,
micritized algae, and the recrystallised miscellaneous grains appear to be the most
important factors. Clustering analysis using just these three factors produces four
clusters (Figure 4.23b). The lagoonal distribution of these clusters is similar to the
previous analysis; however, m a n y of the widely differing environments that were
grouped together previously are not grouped here. Cluster 1 includes samples of the
back-reef zone and the beach swash, while cluster 2 tends to occur on the landward half
of the bare sand zone. Cluster 3 occurs in the deeper parts of the lagoon towards North
Passage and within the lagoons southern half, while cluster 4 contains a mixed group of
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back-reef a n d bare sand zones, but is m o r e c o m m o n towards the reef crest. M e a n
comparisons (Figure 4.24) s h o w that these clusters are significant, although the coral
composition does not appear to b e important in their definition.

Clustering analysis showed that there is some broad scale groupings within the lagoon.
These h o w e v e r appeared to b e m o r e related to the distance from the reef crest rather
than with the surface zonation. This implies that sediment source is not the m a i n
determinate of sediment distribution. Post-mortem transport therefore appears to keep
the surface of the lagoon well-mixed and any potential unique assemblage that is
derived from the zones is quickly reworked.
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4.7 Summary
The surface environment of the lagoon is composed of a variety of benthic zones. These
zones from the seaward buttress zone to the landward algal flats all contain their o w n
unique ecological assemblages developed over a range of sedimentary substrates. The
reef front zones are very high-energy environments dominated by in situ coral growth
with little unconsolidated sediment. The reef top is generally devoid of live coral cover
and dominated by algal cemented gravels. The lagoon on the other hand contains both
hard rubble substrates and unconsolidated sand which is colonised by coral and fleshy
algae. Branching-coral species form a large proportion of the coral population which is
not found on the reef top or front. These zones, especially the 5 m 'terrace' and
cemented rubble zones, although found in other reef systems, are generally not found in
the same relationship as they are on Lord H o w e Island. They are important to the
overall morphology of the lagoon composing the bulk of the reef surface that provides
the barrier between the open ocean and the lagoonal.

Grain size and sorting within the lagoon appears to generally increase towards the reef
crest, while fine-skewed samples are more c o m m o n in the southern half of the lagoon.
However, m a n y deviations from these patterns occur. There appears to be little relation
between surface zonation and sediment size characteristics. This would suggest that the
surface environment of the lagoon is well-mixed with sedimentation being determined
by the modern hydrodynamic environment rather than by the contributing organisms.

Coralline algae, mainly Lithothamnion, dominate sediment composition. The sediments
are highly micritized, with molluscs and coral dominating the non-recrystallised
sediment component. Chemical and physical breakdown produced m a n y grains of
indeterminable origin that cannot be directly related to their source, however, they are
most likely to be degraded modern grains. Like the size distribution, there is little
relation between the surface zonation and sediment composition. The main lagoonwide
pattern observable is a minor clustering within the centre of the lagoon, as opposed to
the higher energy reef and beach edges.
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CHAPTER 5
SEISMIC REFLECTION PROFILING
AND LAGOONAL STRATIGRAPHY
5.1 Introduction

The stratigraphy of the Lord Howe Island lagoon was investigated by continuous
seismic reflection profiling. This method has been widely used to determine the
morphology of the antecedent topography underlying Holocene reefs and lagoons (e.g.
Searle 1981, Johnson and Searle 1984, Collins et al. 1993b, Walbran 1994, Collins et
al. 1996), as well as the internal structure of modern sediment accumulations (Symonds
et al. 1983, Johnson and Searle 1984). Approximately 45 k m of continuous seismic
reflection profiling was conducted within the lagoon on Lord H o w e Island, with the
objective of determining morphology and structure of Holocene and pre-Holocene
sediments (Figure 5.01).

Figure 5.01: Location of seismic profiling within the lagoon showing diamond drill holes that penetrated
the Holocene sediments and GPSfixes(orientated in direction of profile).
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The depth of seismic penetration is measured from the travel time of sound waves
through the sediment. The m a x i m u m penetration within the lagoon was approximately
40 milliseconds, with the majority of the lagoon having at least 30 milliseconds of
trace. The average seismic velocity through sea water and limestone of Holocene age is
around 1500 ms" 1 (Searle 1994). This velocity/depth conversion means a m a x i m u m
penetration of approximately 30 m occurred within the lagoon. Seismic traces, as seen
in figure 5.02, are calibrated in 10 millisecond divisions which at this velocity convert
to approximately 7.5 m . The location of the trace of the seismic line was determined by
autonomous G P S position fixes using a Garmin G P S and are represented on the trace
by numbered vertical lines (Figure 5.01).

A variation in the density of subsurface layers causes a variation in the velocity of
seismic waves as they propagate through the sediment and reflect some of the energy
back to the surface. This reflection is recorded as a change in the structure or pattern of
the seismic trace, which is often sharp and termed a reflector. Three reflectors were
recorded within the lagoon corresponding to the lagoon floor and two subsurface
reflectors (Figure 5.02). The deepest reflector, termed reflector B , is the least distinct
and not continuously traceable through the lagoon. Reflector B is defined on the basis
of a change in the structure of the subsurface reflections. This change does not appear to
be consistent across the lagoon. It is either dipping at a greater angle than the overlying
sediment, or indicates a homogeneous structure, which is in contrast to a more
structured overlying unit. Reflector A occurs between the lagoon floor and reflector B
and is the most marked subsurface reflector within the lagoon being almost
continuously traceable throughout each section of the survey. It marks the boundary
between the horizontally structured relatively homogeneous upper parts of the trace,
and an acutely angled lower bedded unit.

The morphology of reflectors A and B is often quite variable, with little correlation wi
the surface morphology, as defined by the lagoon floor reflector. Reflector B is always
deeper than reflector A where both are observable and they do not intersect with the
surface, although they c o m e close along parts of the shoreline. In most parts of the
lagoon there is a thick sequence of sediments between the two subsurface reflectors,
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Figure 5.02: Seismic section between the northern end of Lagoon Beach and the reef crest, a)
shows the raw seismic data, and b) an interpretation of the raw data showing three reflectors within
the lagoon. Labels on the horizontal axis (105 - 110) relate to G P S position fixes. See Figure 5.01
for exact location of trace. Note the area of well-defined cross bedding (arrowed) between 7.5 m
and 15 m depth, and G P S points 106 and 108.
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however, in some rare cases the reflector B surface rapidly shallows with no reflector A
being present above it.

5.2 Nature of Reflectors and the Enclosed Units

Seismic reflection studies have shown that subsurface reflectors are found in almost al
reef environments. The composition of these surfaces is hard to determine without
direct evidence such as exposed outcrop or drill data. O n the Great Barrier Reef, the
shallowest subsurface reflector is often a Last Interglacial reef surface (e.g. Davies and
Marshall 1979, Searle 1981, Harvey and Hopley 1981, Hopley 1982, Marshall 1983,
Symonds et al. 1983, Johnson and Searle 1984, Marshall and Davies 1984b). Deeper
reflectors are commonly composed of older reef surfaces, non-carbonate sediment or
bedrock. The composition of these deeper surfaces is dependent on the location of the
reef (i.e. inner, mid or outer shelf) and its long-term evolution. Platform reefs on the
continental shelf will more likely be established over a succession of progressively
older reefs, whereas a fringing reef m a y at most overlie a Last Interglacial reef, or more
likely some non-carbonate substrate. At the southern limit of reef growth in the Indian
Ocean, at the Houtman Abrolhos Islands, the platform reefs overlie a Last Interglacial
reef which outcrops at the surface (Collins et al. 1993a, b, 1996). Aeolianite dunes can
also be an important substrate for reef growth, forming the antecedent surface for
Holocene reefs on parts of the Great B a h a m a Bank (Aalto and Dill 1996).

Subsurface reflectors shallow towards the shoreline, particularly near rock outcrops.
Diamond drilling was undertaken along the shoreline at the wharf (LH11), on the
intertidal platform to the north of Lovers Bay (LH24), and in the centre of the lagoon
(LH12 and L H 1 3 ) to determine the composition of the subsurface reflectors (Figure
5.01). The core at the wharf corresponds to part of the seismic trace; however the
quality of the reflections is very poor and the reflectors could not be defined. Profiling
adjacent to the wharf suggests that the reflectors shallow towards it. L H 1 1 intersects the
basalt basement at 10.7 m depth and is overlain by reefal-carbonates and calcarenite
(see chapter 6 for core details). Further south near Lovers Bay, L H 2 4 also penetrated to
the basalt, which underlay coral and calcarenite units, at a shallower depth of 4.3 m.
These cores represent a similar sequence of sediment to those found by Britton (1979)
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drilling close to the shoreline at the wharf and Lovers Bay. These depths are similar to
those inferred for reflectors A and B close to the lagoon shoreline. Therefore, it can be
concluded that two subsurface units occur within the lagoon; the deepest being
composed of basalt and the other of pre-Holocene carbonates.

The two cores (LH12 and LH13) were drilled along a section of the lagoon which had
strong subsurface reflections in the seismic trace (Figure 5.03). The cores penetrate
reflector A at a depth of around 6 m , this corresponding with the inferred depth. This
reflector marked the Holocene/Pleistocene boundary, composed of partly lithified,
cross-bedded sands. The sands occur from this contact to the base of the holes at 19 m
in L H 1 2 and 7.5 m in L H 1 3 . Reflector A is therefore interpreted as being composed of
carbonate sediments with calcarenite dunes dominating within the lagoon. Towards the
shoreline, small reef sequences occur between the calcarenites and underlying basalt at
a depth of around 5 - 10 m . The subaerial relation between Tertiary igneous lithologies
and Pleistocene sedimentary carbonate therefore appears to extend below the sea
surface, forming the base for Holocene reef and lagoonal development.
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Figure 5.03: Seismic transect with associated diamond drill holes. The percentage recovery for L H 1 2 is
shown alongside the core. Reflector B was not encountered by L H 1 2 suggesting that it m a y either lie at
greater depth or the core penetrated just landward of it.
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5.3 Morphology of Subsurface Units
5.3.1 Reflector B

Reflector B is the deepest surface within the lagoon ranging in depth between 1 and 28
m . The reflector is consistently between 5 and 10 m deep along the shoreward edge of
the lagoon, deepening to between 15 and 28 m towards the reef (Figure 5.04). It also
deepens by at least 5 m towards the southern half of the lagoon but is generally
shallower in the northern half of the lagoon in Old Settlement Bay and around Signal
Point where it is less than 10 m deep. The deepest sections (> 20 m ) occur around
Blackburn Island, close to Erscotts Hole and within North Passage (Figure 5.04). The
location of the basaltic Blackburn Island is interesting as it occurs within the deeper
sections of reflector B. This surface outcrop, juxtaposed with a deep reflector B,
suggests that the high degree of relief observable on the subaerial basalt outcrops also
occurs within the lagoons' subsurface morphology.

Figure 5.04: Depth of reflector B within the lagoon based on the seismic profiling.
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Shore-normal profiles (Figure 5.02 and 5.05) between Blackburn Island and Dawsons
Point indicate a rapid seaward deepening of reflector B. This gradient lessens towards
the centre of the lagoon where a smallriseor bulge causes the surface to shallow by a
few metres. This shallowing occurs in all the shore-normal profiles in this part of the
lagoon, where there were strong seismic reflections. Theriseappears to correlate with
the ridge line from Dawsons Point. The relief of reflector B is high (over 10 m ) in a
section between Lagoon Beach and Blackburn Island (Figure 5.06). The depth rapidly
increases towards Blackburn Island where it forms a small ridge a couple of metres
high. Shore-normal profiles were not conducted within the southern half of the lagoon
due to high wave energy propagating through South Passage; however, inferences about
the morphology can be m a d e based on shore-parallel transects. In this part of the lagoon
the gradient of reflector B is less than in the northern half of the lagoon. The gradient of
reflector B also increases along its shoreward edge close to Transit and Intermediate
Hills (Figure 5.04).
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F i g u r e 5.06: Seismic section b e t w e e n L a g o o n B e a c h a n d Blackburn Island. T h e section
is across part of a 15 m d e e p channel in reflector B (see figure 5.04). T h e section truncates
the southern e d g e of the 5 m d e e p calcarenite terrace o n w h i c h figure 5.02 is located
(arrowed).
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The relief of reflector B parallel to the shoreline is up to 21 m , which is greater in the
northern half of the lagoon and the morphology is characterised by wide troughs over
10 m deep. These deeper troughs are most c o m m o n between Blackburn Island and the
shoreline, and North Passage. In the southern part of the lagoon the morphology is more
subdued, with small undulations of a few meters deep being c o m m o n . These troughs
tend to correspond to surface drainage lines especially around Transit Hill as well as in
the reef passages. A deep trough within the reflector occurs close to the shoreline
between Blackburn Island and Transit Hill (Figure 5.07 and 5.08) which corresponds to
the section in figure 5.06. The morphology of reflector B throughout the rest of the
lagoon is relatively subdued, forming either a smooth or slightly undulating surface.
Signal
Point

Edge of
Runway

Southern end of
Lagoon Beach

^^2
193 194
195
^^)
197
198
199
200
190
191
Figure 5.07: Shore-parallel seismic trace along the edge of Lagoon Beach. S represents the surface
reflector, A=reflector A , and B=reflector B. Note the deep troughs in reflector B at points 192 and 193
compared with the relatively uniformity of the reflector further south between points 196 and 200. T h e
thickness of the pre-Holocene sediments is greatest where they infill these troughs, however significant
deposits are also found between points 196 and 200. The effect of seismic multiples can be observed in
the Holocene sediments between points 196 and 198 (arrowed). T h e wavey pattern in the surface
reflector is mirrored by the shallowest reflections in the Holocene sediments.
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5.3.2 Reflector A

Reflector A, which is interpreted as the Holocene/Pleistocene contact occurs between
23 m depth and just below the lagoon surface. It is shallowest along the shoreline,
between 0 and 8 m , deepening towards the reef crest where it occurs at a depth of 7 to
23 m . Like reflector B , this surface also deepens towards the south where the depth is
on average 5 to 13 m deeper than the northern half of the lagoon (Figure 5.09). The
shallowest part of reflector A occurs close to Signal Point, while the deepest sections
occur around Blackburn Island and Erscotts Passage. Probably the most significant
morphological feature of the reflector occurs around Signal Point where a platform
approximately 5 m deep extends seaward almost to the edge of the back-reef zone.

Figure 5.09: Depth of reflector A within the lagoon based on the seismic profiling.

There are two characteristic shore-normal profiles of reflector A in the northern half of
the lagoon. The first occurs where the Pleistocene sediments are thickest (Figure 5.03)
forming a near horizontal surface that extends from the shoreline to close to the backreef zone. The second occurs in thinner sequences (< 5 m thick) where reflector A
gradually increases in depth at a relatively constant gradient where it tends to form a
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veneer over reflector B (Figure 5.10). A combination of both offshore profiles can
occur (Figure 5.05), which produces a seaward deepening stepped profile. The thicker,
horizontal profile tends to characterise the top of the 5 m deep platform that extends out
from Signal Point. In the southern half of the lagoon the exact shore-normal
morphology is difficult to determine because of the lack of shore-normal seismic lines.
O n e section of poor quality trace, close to Erscotts Passage (Figure 5.11) indicates that
a thinner mixed morphology of higher gradient and horizontal surfaces occur. The
general depth pattern (Figure 5.09) of reflector A indicates that throughout the southern
part of the lagoon it deepens steadily towards the reef crest but at a slightly higher
gradient than in the northern half of the lagoon.

The shore-parallel morphology of reflector A shows alternating thick and thin
sequences, with little relation between thickness and depth of the Pleistocene surface
(Figure 5.08). A thick shallow sequence occurs in the northern half of the lagoon
between 5 and 10 m deep, which is bounded on its northern and southern sides by
troughs up to 10 m deep. This feature corresponds to the thickest shore-normal transects
in figures 5.02 and 5.05. Thin Pleistocene sediments are associated with a shallowing of
reflector B in figure 5.08 and is also observed in the shore-normal section in figure
5.10. Thicker accumulations of these sediments tend to be found infilling " U " shaped
depressions in reflector B. In the southern half of the lagoon, below the surface lagoonal
coral zone, the Pleistocene surface shallows by around 8 m presenting a similar but
deeper profile to the thick sequence off Signal Point. Towards the reef crest there is a
significant thinning of the pre-Holocene sediments and reflector A forms a smooth
surface veneering the underlying basalt. Along the shoreline (Figure 5.07) reflector A
forms an undulating surface between 4 and 8 m deep. The thickness is variable (0.5 10 m ) appearing to 'infill' channels in reflector B.
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Figure 5.10: Seismic trace between Signal Point and the reef crest, showing
relatively constant seaward deepening of reflector A which forms a veener over
reflector B.
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5.4 Structure of Subsurface Lagoonal Sediments

Each unit within the lagoon is defined on the basis of the strongest reflectors within the
sediments. Less intense reflections are often related to subsurface bedding and can be
used to determine the internal structure and hence depositional environment of each
sedimentary unit. A s these internal reflections are less intense than those which
delineate the unit boundaries, they are more susceptible to distortion by surface noise.
Excessive noise is often one of the largest contributors to the loss of seismic signal.
This loss of reflection clarity due to surface waves is observable in figure 5.07 where
undulations in the surface reflector are imprinted on the structure of the Holocene
sediments as a repeated shape that mirrors that of the surface reflector. This noise is
often termed a seismic multiple and is generally recognised as having a gradient twice
that of the surface from which they reflect from. However, in m a n y parts of the lagoon,
the noise meant there was a complete loss of seismic signal. This resulted in areas of
well-defined reflections tending to occur more commonly in the shallower parts of the
trace.

5.4.1 Lagoonal Basement

The deepest basalt unit within the lagoon contains little discernible structure. Reflector
B was noted earlier to be only intermittently traceable and therefore the less intense
internal reflections are more difficult to identify. The observable internal structure tends
to be dominated by seismic multiples which generally reflect the topography of
reflector B such as in figures 5.07 and 5.08. In other areas of reasonable trace, the unit
is homogeneous with very little internal structure. The lack of seismic structure and
homogeneity of the deepest unit contrasts with the overlying Pleistocene sediments.

5.4.2 Pleistocene Sediments

Pleistocene sediments occur between reflectors A and B and have a well-defined
internal structure. The reflectors are composed of cross-bedded laminations and
horizontal beds, both of which can occur in the same section to produce small rises and
troughs. Areas of homogeneous trace also occur. Internal structures are best defined in
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areas of thickest Pleistocene sediments. In m a n y cases the bedding can be traced
vertically from reflector A to B, and laterally to the edge of these accumulations.

Fine laminar cross bedding is well-developed perpendicular to the shoreline between
the northern end of lagoon beach and the rubble zone (Figure 5.02). The cross bedding
is around 8 m thick, and in places occurs vertically through the entire sequence. The
dominant bedding dip direction is towards the shoreline. There is a sharp truncation of
the beds on their upper surface where they underlie the Holocene sediments. The basal
contact of the beds appears to merge into a more horizontal surface (such as shoreward
of point 107 and 109 (Figure 5.02)), and are therefore more likely to have formed
around the same time. W h e r e this horizontal surface is absent, the cross bedding grades
into an area of poorly defined reflections. Cross bedding also merges with a
homogeneous part of the unit at the reefal edge of the trace.

Shore-parallel sections of seismic trace tend to be dominated by rises and troughs. Like
the cross beds, they are best represented in the thicker parts of the Pleistocene
sediments located between Signal Point and the reef crest, and beneath Comets Reef
and the lagoonal coral zone. Cross-bedded units do not generally occur within these
profiles with these sections that are orientated perpendicular to the direction of crossbedding dip. Small cross-bed type reflections do tend to emphasise the edges of the
rises and troughs but are very restricted, not forming the thick sections as found in the
shore-normal traces (Figure 5.12). The morphology of this part of the calcarenite is not
affected by the morphology of the underlying basalt unit.

The rest of the Pleistocene sediments lack well-defined internal reflections, and tend t
be either homogeneous or contain a mix of horizontal and rise and trough reflection
patterns. This is well represented in the seismic trace within North Bay (Figure 5.13).
Generally sections of the Pleistocene sediments where they veneer or infill larger
troughs within reflector B, have a poorly-defined bedding structure.
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5.4.3 Holocene Sediments

Holocene sediments compose the topmost part of the seismic trace and are bounded by
reflector A and the surface reflector. The detailed stratigraphy and sedimentology of
these sediments will be described in chapter 6, however some important characteristics
are gained from the seismic profiling, which provide a basis for that analysis.

A large proportion of the Holocene sediment is composed of horizontal reflectors
generally transparent to seismic waves, and are therefore not as distinct as the internal
reflections within the Pleistocene sediments. This commonly occurs in the upper 5 m of
the sediment with horizontal beds being almost continuously traceable across the
lagoon. Seismic multiples are very c o m m o n and the morphology of these horizontal
layers often mirrors the shape of the surface reflectors (Figure 5.07). The uniform
nature of this upper part of the Holocene sedimentation implies a commonality of
deposition through the lagoon during later stages of infilling. The area directly around
Comets Hole (Figure 5.14) shows the greatest departure from this pattern. The upper
part of the Holocene sediments beneath Comets Hole and small sand channels in the
lagoonal coral zone show a " U " shaped infill pattern.

Where the Holocene unit is deeper (> 5 m) there is a general breakdown in the
horizontal seismic reflections. The trace often becomes homogeneous showing virtually
no structure, while in some areas such as the deeper infilled troughs of the Pleistocene
surface, there is very poor trace definition (Figure 5.14). Isolated areas of well-defined
structure occur in the deeper parts of the Holocene sediments. These areas are quite
spatially restricted and therefore cannot be traced laterally more than a few hundred
metres. These areas extend up to 7 m above the reflector B surface which they are
attached to. The reflections take the form of a laminated accumulation or a series of " V "
shaped folds (Figure 5.14). These areas of well-defined structure are concentrated
within the southern half of the lagoon, especially within the lagoon coral zone. In figure
5.14 an area of horizontal bedding lies directly below the patch reef at Comets Hole.
Areas of " V " shaped folds tend to be most c o m m o n beneath the inferred buried patch
reefs in chapter 4 (Section 4.2.7). These differences in reflection morphology between
the shallow and deeper parts of the Holocene sediment imply that there has been a
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change in the nature of the sedimentation between its initiation and final deposition.
Patch reef growth is the most likely process to produce these reflections, which was
later buried by horizontal sedimentation, which dominates the upper 5 m of the
Holocene sediments. In the northern half of the lagoon, the shallower reflector A
surface means that horizontally bedded sediments compose all of the Holocene
sediment accumulation.
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Figure 5.14: Seismic structure below the lagoonal coral zone. The infill of Comets Hole (Fl) is
observable mimicking the modern hole morphology. Smaller areas of infill (F2) m a y relate to sand
channels between the coral communities. The lower sections of the Holocene profile show a more
defined structure (RS) below Comets Reef and the circular coral communities (AS). Areas or poor
definition are also observed in the areas infilling troughs in the calcarenite on the edges of the seismic
trace.
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5.5 Summary

The seismic stratigraphy of Lord Howe Island indicates that the lagoon is established
over a mixed lithology of basalt and Pleistocene sediments. T w o reflectors which can
be traced almost continuously through the lagoon represent these surfaces. These
surfaces all deepen towards the reef crest and the southern half of the lagoon, which
means the Holocene sediment thickness is greatest in these areas. The internal structure
of the deeper units is hard to discern due to poor trace quality, but is very good for the
shallower parts of the trace. The seismic profiling combined with drilling data show that
the Neds Beach Calcarenite extends from the central part of the island beneath the
lagoon to at least the level of the reef crest. It therefore forms the antecedent surface for
Holocene sedimentation. Close to the shoreline at Signal Point and near Lovers Bay, the
calcarenite buries reef sequences of Last Interglacial age. These older reefs appear to
have a highly restricted distribution, thinning rapidly both landward and into the
lagoon.

The interrelation between the morphologies of the units is varied. Around Blackburn
Island a deep channel is observable in both reflectors A and B , however this pattern is
not lagoon wide. Thicker sequences of Pleistocene sediment occur on both shallow and
deeper reflector B surfaces, and there appears to be little relation, apart from the overall
lagoon wide depths, between the two units. The Holocene sediments have infilled
almost the entire lagoon, and are relatively homogeneous in the upper sections. S o m e
variation in structure appears to occur in the deeper parts of this unit in the southern half
of the lagoon most probably related to patch reef growth. The detailed stratigraphy of
these Holocene sediments is discussed in the following chapter.
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CHAPTER 6
HOLOCENE LAGOONAL
AND REEF SEDIMENTATION
6.1 Introduction

The lagoon and reef represent the largest volume of shallow-water Holocene
sedimentation on Lord H o w e Island. The surface of the reef crest and lagoon contain a
variety of depositional environments (Chapter 4), and seismic reflection profiling
indicates Holocene sediment thickness of up to 20 m (Chapter 5). Sedimentation within
the lagoon is described on the basis of 22 vibrocores, 7 hand-held diamond drill cores,
and 3 Jacro 105 diamond drill cores and the coastal plain sediments were examined in
32 hand-auger holes (Figure 6.01). Results from these have been compiled into a series
of 7 transects which are representative of the major parts of the lagoon and coastal
plain. T h e age structure of these sediments was determined by extensive radiocarbon
dating (Table 6.01).

Figure 6.01: Transects of drill and vibrocore sampling sites within the lagoon.
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Table 6.01: Radiocarbon dating results for Lord Howe Island. See figure 6.03 for types of branching
corals dated (large = 6.03a, med = 6.03b and 6.03c, fine = 6.03d, platy = 6.03e) and figure 6.14 for shells
dated (excluding bivalves).

1.36
3.29
4.08
4.78
0.67
0.67
0.67
1.90
2.71
5.42
2.84
3.53
0.41
1.32
1.32
4.61
2.40
3.60
0.24
0.24
3.17
1.28
1.96
3.34
3.58
5.39
0.80
2.85
0.32
1.13
5.90
0.41
0.49
0.49
0.67
1.04
1.59
2.85
3.37
0.50
1.50
2.36
0.68
2.07

5640180
5640190
6100180
6670180
4930170
4810160
4440160
5050170
5230190
5740180
2960160
5550190
4960150
5380170
5590+70
66901170
20901130
2690160
4810160
4770160
6660180
4420180
55201150
61301100
56001100
58401160
3420+100
4680180
430145
47301100
63501100
5290160
5080160
5100170
43701130
56001130
5550+70
5990190
6070+150
700+70
4560180
10201130
35101150
28801100

5190185
5190195
5650+85
6220185
4480+80
4360170
3990170
4600180
4780195
5290185
2510170
5100195
4510160
4930180
5140180
62401175
16401135
2240170
4360170
4320170
6210185
3970185
50701155
56801105
51501105
53901165
29701105
4230185
Modern
42801105
59001105
4840170
4630170
4650180
39201135
51501135
5100180
5540195
56201155
250+80
4110185
5701135
30601155
24301105

Vibrocores

LV1

LV2

LV4
LV5
LV6

LV7
LV8
LV9

LV10
LV12

LV13

LV14

LV15

BETA 102826
ANU 9084
ANU 9085
ANU 9086
OZC 931
OZC 933
OZC 934
BETA 102827
ANU 9087
ANU 9088
ANU 9089
ANU 9090
OZC 935
OZC 939
OZC 940
ANU 9091
ANU 9092
ANU 9093
OZC 941
OZC 937
ANU 9094
OZC222
ANU 9095
OZC223
BETA 102828
ANU 9096
BETA 102829
BETA 102830
OZC 930
BETA 102831
BETA 102831
OZC 932
OZC 936
OZC 938
BETA 102833
BETA 102834
BETA 102835
BETA 102836
BETA 102837
ANU 10839
ANU 10835
ANU 10842
ANU 10840
ANU 10846

Branching Coral (med)
Algae
Coral
Coral
Non-Branching Coral
Encrusting Algae
Unconsolidated Sand
Branching Coral (med)
Coral
Coral
Coral
Coral
Unconsolidated Sand
Encrusting Algae
Platy Coral
Coral Stick
Foliose
Algae
Branching Coral
Encrusting Algae
Coral
Algae
Coral
Algae
Branching Coral (large)
Coral
Gastropod (Mud Whelk)
Gastropod (Mud Whelk)
Algae
Platy Coral
Branching Coral (large)
Unconsolidated Sand
Encrusting Algae
Non-Branching Coral
Platy Coral
Branching Coral (fine)
Encrusting Algae
Branching Coral (large)
Branching Coral (med)
Branching Coral (med)
Branching Coral
Branching Coral (fine)
Coral
Gastropod

Table 6.01 continued.
LV16

LV17

LV19

LV21
LV22

ANU
ANU
ANU
ANU
ANU
ANU
ANU
ANU
ANU
BETA
BETA
BETA
BETA
BETA
BETA
BETA
BETA
BEAT

10834
10838
10836
10837
10833
10843
10841
10845
10844
115541
115542
115543
115544
115545
115546
115547
115548
115549

Branching Coral (med)
Wood
Wood
Wood
Wood
Non-Branching Coral
Non-Branching Coral
Gastropod (Mud Welk)
Bivalve
Coral
Branching Coral (med)
Non-Branching Coral
Boxwork Rhodolith
Unconsolidated Sand
Algae
Non-Branching Coral
Branching Coral (med)
Branching Coral (large)

0.60
1.44
1.87
2.35
2.52
0.65
1.35
2.20
3.11
0.00
0.55
1.36
0.39
2.06
0.62
1.08
1.98
3.40

2600180
5150190
5590170
5790170
6400180
4870190
33401100
4660180
50701120
44201130
49101110
5160160
11801100
1760160
45901140
4770170
4870160
5330180

4420195
28901105
4210185
46201125
39701135
44601115
4710170
7301105
1310+70
41401145
4320180
4420170
4880185

A N U 8559*
A N U 8558
A N U 8557
A N U 8556
A N U 8560
A N U 8561

Non-Branching Coral
Non-Branching Coral
Non-Branching Coral
Non-Branching Coral
Non-Branching Coral
Branching Coral

1.50
1.05
4.00
0.98
0.70
10.00

3420170
2140160
2320160
830150
2510+60
5820190

2970180
1690170
1870170
380160
2060170
5370195

B E T A 102838
BETA 102839
B E T A 102840

Coral
Coral
Shell (Bivalve)

4.55
3.10
1.50

5401110
4650170
2350180

901115
4200+80
1900185

A N U 8554*

Coral Boulder

1.810.2
2690180
(above
LAT)
2.910.2
3490180
Coral Boulder
(above
LAT)
1.810.2
1320170
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(above
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* Reported in Woodroffe et al. (1995)

2240185
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n/a
n/a
n/a
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Reef Crest
Diamond
Drill Cores

LH1
LH2
LH3
LH5
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Auger
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T1A6
Surface
Samples
LHIIA
North Bay
LHIIB
North Bay

A N U 8553*

L H 94/13

A N U 9424*

3040185
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6.2 Northern Lagoon
6.2.1 Transect 1

Transect 1 runs from the wharf to the reef crest (Figure 6.01). Seismic reflection
profiling has shown that the Holocene sediments are shallow along this transect
(Section 5.3.2). The transect consists of four vibrocores (LV1, L V 2 , L V 5 , and LV11),
one Jacro diamond drill hole (LH11), and two hand-held diamond drill cores (LH2,
LH5)(Figure 6.02). M a x i m u m depth of recovery was 10-11 m beneath the rubble
tongues (LH5) and at the wharf (LH11). Vibrocores on this transect reached a
m a x i m u m depth of 5.4 m in core L V 2 .

LAT-

-10Recover) (%)
300 m

100
50 - 100
20-50
0-20

Basalt 0

d

Branching-coral gravel

Pleistocene Reel' [ 3

ErFS

Gravelly-mud

Calcarenite ^ ]

|^7]

Gravelly-sand

Brown Clay F l

M\

Branching Coral Off" ff»°]
Rhotlolilhs O U"2'

Branching-coral framework
Cemented rubble

Figure 6.02: Transect 1 in the northern half of the lagoon between the wharf and reef crest.

In core L H 1 1 , basalt was encountered at a depth of 10.7 m , correlating with the inferred
depth from the seismic data. Pleistocene limestones, composed predominantly of a
lithified reef sequence, occurred in L H 11 between from 3.5 - 10.7 m , overlying a sharp
contact with the basalt. The Pleistocene reef consists of three units, a basal unit of
rounded gravel and sand, overlain by the second unit of coralgal gravel and fine-grained
mud, with evidence of subaerial dissolution, in the form of open pore spaces lined with
calcite crystals. The uppermost section of the lithified reef contains large coral clasts in
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a m e d i u m sand-size matrix, without the dissolution structures of the lower section. A
U/Th age was obtained on a large coral head (thickness = 260 m m ) , in apparent growth
position, at 5 m depth. The age, 120,000 +8,000 -9,000 years B P (Brooke in prep)
indicates deposition during the peak of the Last Interglacial (Oxygen Isotope Substage
5e). This fossil reef is overlain by calcarenite and brown clay. Mangrove material from
the clay, which is partly exposed at the surface, has been dated at 6100 ± 90 years B P
(Ian Hutton in Woodroffe et al. 1995). The calcarenite, composed of well-sorted yellow
sand, was also encountered at a depth of approximately 4.5 m in vibrocore L V 5 , with a
sharp contact separating it from the overlying lagoonal sediments. The calcarenite is
considered Pleistocene and the contact marks the Pleistocene/Holocene discontinuity.

A clast-supported branching-coral gravel unit within the vibrocores records initiation
Holocene sedimentation over the calcarenite. The coral gravel is composed of elongate
broken coral branches, 20 - 60 m m in length, abraded, but with individual corallites still
visible (Figure 6.03). Algal encrustation is extensive with almost all coral branches
having coatings a few millimetres thick. S o m e larger algal grains are present but these
appear to be fragments of encrustation off larger encrusted clasts. This unit is entirely
clast-supported with individual coral branches in contact with each other. There is no
preferential arrangement of coral branches (Figure 6.04). The gravel component of this
unit constitutes between 50 and 9 7 % of the total sediment volume. M u d accounts for
less than 1 5 % of the sediment towards the base of the cores, but becomes more
volumetrically important in the upper parts. This clast-supported unit is encountered in
all vibrocores (except L V 1 1 ) thickening from approximately 0.6 m at the landwardmost
core, L V 5 , to at least 1.1m reefward, in L V 2 . The oldest date within this unit is 6220 ±
85 years B P , from a coral clast at 4.8 m depth in core L V 1 . The gravel becomes
younger upcore with an age of 5650 ± 85 years B P at 4.1 m depth. The gravel unit is
also younger towards the reef crest dating at 5290 ± 85 years B P at the base of L V 2 at a
depth of 5.4 m . The branching-coral gravel unit appears to have been deposited in the
mid-Holocene before 5000 years ago. The depth of the top of the branching-coral gravel
at 3.4 m unit is fairly uniform varying by ± 0.4 m across the transect. The base of L V 2 ,
the reefwardmost core, is young compared with the rest of the unit, however coring did
not recover the base of this unit, and older sediments are likely to be preserved deeper.
The uppermost part of the unit through the vibrocores is characterised by an increase in

Figure 6.03: Typical coral clasts found in the vibrocores; A ) large
branches that characterise the basal branching-coral gravel (clast from
L V 2 ) ; B ) medium size coral branch from the gravelly-mud unit in L V 8 ; C )
well-preserved medium size coral branch from the gravelly-mud unit in
L V 6 ; D ) fine branching coral clasts from the base of L V 9 ; E ) platy coral
clasts from the gravelly-mud unit in L V 6 .

0.80

msm

(1.45)

Figure 6.04: Vibrocore L V 2 . This core contains sediments which are typical of
those cores dominated by gravelly mud. The two small branching-coral gravel
units in the upper part of the core are more distinct than in other cores. Depth in
core in metres (and corrected for compaction).

144

the degree of algal encrustation of coral clasts and the proportion of sand and mud-sized
material.

Two diamond drill holes (LH2, LH5) were cored from the rubble tongues at the
seaward edge of the transect. Large voids were encountered during sampling, through
which the drill penetrated rapidly. Recovery was poor, generally less than 5 % , with
often only a few centimetres of sample recovered from over 3 m of drilling. The
recovered core material is composed of broken pieces of branching coral with little or
no algal encrustation (Figure 6.05). The seawardmost core, L H 5 , contained branchingcoral gravel from approximately 3.0 m to 10.5 m depth. A date of 5370 ± 95 years B P
was obtained from L H 5 at a depth of 10 m . This depth is a m a x i m u m estimation as the
coral was collected in a 3 m coring run or m a y have fallen d o w n the hole from higher
up in the reef. This implies that deposition was contemporaneous with the youngest
parts of the lagoonal coral gravel. S o m e of the apparent voids within the core contained
coarse-sand. This material has a similar texture and composition to the surface
sediments with coralline algae, echinoids and foraminifera being present. The recovered
coral appeared to be a similar species to that found within the basal branching-coral
gravel unit in the vibrocores (Figures 6.03 and 6.05). The clasts did appear to have
undergone s o m e alteration by groundwater as shown by grey colouration on the outer
surfaces of the coral. The poor recovery means that the age structure of L H 5 could not
be determined in detail. It appears that before 5000 years B P this part of the lagoon was
dominated robust branching coral.

Figure 6.05: Main coral species recovered from diamond drill cores; a) Goniastrea and b) Acropora
palifera from the upper cemented rubble unit, and c) branching corals from the lower framework unit.
Note lack of encrustation on the branching clasts which appear to have been broken during sampling.
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A gravelly-mud unit within the vibrocores overlies the branching-coral gravel unit
(Figure 6.04). The thickness of this gravelly-mud is relatively constant across the
transect increasing slightly towards the shore from 2.15 m in cores L V 2 and L V 1 to
2.55 m in core L V 5 . The top of the unit also shallows shoreward from 1.40 m depth in
L V 2 to 0.75 m in L V 5 . It is composed of a mix of gravel and mud-sized material. The
proportion of sand decreases with depth in the core until it comprises a m a x i m u m of
1 5 % of the sediment at the base of the unit. Bedding was not apparent, and there was no
preferred orientation of larger coral clasts. These clasts appear to be similar corals to
those in the basal gravel unit; however, the degree of coralline algal encrustation is
greater. The majority of coral branches have millimetre thick crusts, but a few appear
'fresh' with a complete absence of coatings. Finer branching and platy corals are also
present, but were not abundant in the cores. Species identification of gravel clasts is
difficult, especially for smaller grains, due to algal encrustation which tended to mask
any surface features useful in clast identification. Shell material is not c o m m o n ; only
scattered shells, disarticulated, with evidence of encrustation or abrasion, are found
through the gravelly-mud unit. The large molluscs of the family Tellinidae and
Veneridae, and gastropods of the family Trochidae are the most c o m m o n . Scattered
crustacean fragments also occur through the core. Although not being a volumetrically
important component, they can often indicate bioturbation. A distinct section of clastsupported gravel occurs in the upper part of this unit at a depth of approximately one
metre (Figures 6.02 and 6.04). The unit is 0.10 - 0.40 m thick and composed of
branching-coral clasts. These branching corals are similar to those of the basal coral
gravel unit in terms of size and species composition; however algal encrustation is
similar to other coral clasts within the gravelly-mud unit.

The oldest date obtained from the gravelly-mud unit was 5190 ± 95 years BP from the
centre of the lagoon in core L V 1 at a depth of 3.3 m , while the youngest age of 4600 ±
80 years B P , occurred at 1.8 m depth in core L V 2 . Another date obtained from core
L V 1 at a depth of 1.4 m has an age of 5190 ± 85 years B P , which does not significantly
differ from the deeper age in the same core. The unit is youngest at its seaward edge
with a further date from L V 2 of 4780 ± 95 years B P , at 2.7 m depth.
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The upper 0.2 - 0.35 m of the gravelly-mud unit grades into the topmost gravelly-sand
unit. The thickness of the gravelly-sand unit is greatest close to the reef crest in L V 2
where it is 1 m thick and thins towards the shore where in L V 1 1 it is a few centimetres
thick. Sand is generally the dominant grain size (>50%). M u d comprises a m a x i m u m of
1 0 % of the sediment with gravel up to 6 5 % , but mostly around 3 0 % . Algal rhodoliths
are the most c o m m o n gravel constituent of this unit. Millimetre-thick coatings of
coralline algae encrust coral material, which comprise similar species to those lower in
the core. Almost all the gravel material is abraded. Ages were obtained from this unit at
its reefwardmost edge in L V 2 at a depth of 0.7 m . A coral clast was dated at 4440 ± 80
years B P , while the algal encrustation on the clast yielded an age of 4360 ± 70 years B P
and the age on some grains from the surrounding sand was 3990 ± 70 years BP. These
three A M S dates were obtained to assess the reliability of encrusted clasts as indicators
of sediment deposition. The approximate 80 year difference between the coral and algae
age suggest that these clasts are rapidly encrusted. The clasts appear to be buried 370
years after the algal encrustation, based on the sand age, and therefore can be assumed
to be reliable indicators of depositional timing. The top gravelly-sand unit appears to
have been deposited in the last 4500 years.

The section of the reef beneath the cemented rubble zone appears to be the youngest
part of the transect. It extends from the surface cemented rubble zone d o w n to the
boundary with the branching-coral framework but its age is poorly constrained because
of the poor recovery by diamond drilling (14 - 58%)(Figure 6.02). The lagoonwardmost
core, L H 2 , penetrated to a depth of 4.0 m entirely within this uppermost unit. Core
L H 5 , seaward of L H 2 , penetrated at least 2.0 m of this unit, before encountering the
branching-coral framework. The oldest date obtained within this unit is 2060 ± 70 years
B P from L H 5 at a depth of 0.7 m . Core L H 2 was younger with ages of 1870 ± 70 years
B P and 1690 ± 70 years B P at 4.0 m and 1.1m depth respectively. This boulder unit is
composed of non-branching coral species. The coral clasts in the core are up to 200 m m
thick, relatively pristine with little alteration apart from a few bivalve burrows. Algal
encrustation is present on the outer surface of the clasts. The dominant coral species in
the cores appears to be Acropora palifera, while Goniastrea sp. tended to be more
c o m m o n close to the surface (Figure 6.05). There appears to be no other unit of an
equivalent age within the transect.
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6.2.2 Transect 2

Transect 2, between the northern end of Lagoon Beach and the reef crest, incorporat
sequence of four hand auger holes in the coastal plain and two Jacro diamond drill
holes, L H 1 2 and L H 1 3 within the lagoon, the upper part of which were vibrocores
(LV12 and L V 1 3 ) (Figures 6.01 and 6.06). A n additional hand auger transect on the
coastal plain 150 m further south is included for comparison (b in Figure 6.06). The
cores are located immediately lagoonward of a reef-top rubble tongue (LH12) and in
the centre of the lagoon (LH13). The transect corresponds to the seismic traverse 105 110 (Figure 5.02). Cores were undertaken here in order to ascertain the nature of the
pre-Holocene surface, and investigate Holocene sedimentation directly behind the
rubble zone. The m a x i m u m depth reached was 19 m , in L H 1 2 . The diamond drill holes
penetrated the entire Holocene sequence and into the Pleistocene calcarenites; however,
recovery was poor, generally around 10%. The best recovery, 5 3 % , was obtained at the
Holocene/Pleistocene boundary. Calcarenite was encountered at a depth of
approximately 6.0 m in both cores extending to m a x i m u m penetration in the diamonddrill cores, 19 m depth in L H 1 2 and 7.45 m in LH13.

Figure 6.06: Transect 2 in the northern half of the lagoon located between transect 1 and Blackburn
Island.
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A basal branching-coral gravel unit similar to that observed in transect 1, was
encountered in both diamond drill holes overlying the calcarenite. Dates of 5900 ± 1 0 5
years B P on coral in L H 12 at a depth of 5.9 m and 5620 ± 1 5 5 years B P at the limit of
penetration of the vibrocore L V 1 3 at 3.4 m depth indicate that coral was growing
during the mid-Holocene. The branching-coral gravel immediately above the contact
with the calcarenite in L H 1 2 has less coralline algal encrustation than the lagoonal
gravel unit in transect 1 and appeared to have some solution and grey colouration of the
clasts. These corals appear similar to those in the branching-coral framework in L H 2
and L H 5 from transect 1. The degree of algal encrustation increased up core and a
couple of metres above the calcarenite, the gravel had an appearance similar to the basal
coral gravel in L V 1 3 , implying a longer period of exposure before burial. The lagoonal
branching-coral gravel unit appears to extend across transect 2 representing the initial
Holocene lagoonal unit. It m a y overlie the reef crest branching-coral framework at its
seawardmost margin.

A gravelly-mud unit similar to that seen on transect 1 overlies the basal branching-cora
gravel within L V 1 3 . Three dates were obtained from this unit. The oldest date, at a
depth of 2.9 m was 5540 ± 95 years B P . The gravelly-mud becomes younger up core
with an age of 5100 ± 80 years B P at 1.6 m depth and 5150 ± 135 years B P at a depth
of 1 m . The timing of deposition is consistent that interpreted within cores on transect 1.
The sediment-size characteristics and gravel composition of the gravelly-mud is similar
to that on transect 1. T w o large coral sticks were recovered, 250 m m long and 20 m m
thick, in the middle of the core, apparently in growth position. Sand grains within the
gravelly-mud unit are highly micritized, with over 8 0 % of grains showing evidence of
micritic recrystallization (Figure 6.07). In the upper part of the unit, 1 5 % of grains are
free of micritization, which reduces to around 4 % at the base of gravelly-mud unit
(Figure 6.08). Grain composition was similar to the surface sediments (see Chapter 4).
Coralline algae is the dominant grain type with a composition of 1 9 % of the base of the
unit increasing to 3 9 % close to the surface. In the base of the gravelly-mud unit,
partially recrystallised micritic grains become dominant (26%). Mollusc grains are the
most c o m m o n non-micritized grains comprising a m a x i m u m of 1 1 % of the sediment.
O n e interesting pattern is the composition of siliceous sponge spicules. These are

Field of View 1.56 m m , Plain Polarised Light

a

Field of View 1.56 m m , Crossed Polars

Figure 6.07: Typical thin section of the sand-size fraction in the vibrocores; a) highly
micritized grains (dark brown to black) and partially micritized grains (yellow) in plain
polarised light. Note the loss of crystal structure in the majority of grains, b) Micritized
grains under crossed polars showing pervasive micritization and loss of crystal
structure. M = Micritized Mollusc, S = Sponge Spicule.
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generally absent in the upper part of the core; however, the number of individual
spicules increases, where close to basal gravel unit they constitute 1 % of the sediment.
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Figure 6.08: Downcore sedimentology of L V 1 3 showing the sediment size distribution and component
analysis for both the sand and gravel fractions. Depths given are in relation to the recovered core which
was compacted 2 3 % .

The uppermost part of both vibrocores is composed of a gravelly-sand unit. The
composition of this unit is similar to the surface sediments along this transect and
contains rhodoliths. A n age reversal occurs within this topmost unit in L V 1 3 . It dates at
3920 ± 135 years B P at 0.7 m depth, but at 0.5 m depth a coral clast dated at 4650 ± 80
years BP. Encrusting algae on this coral yielded an age of 4630 ± 70 years B P while
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sand at 0.41 m depth is older with an age of 4840 ± 70 years BP. This age reversal is
most probably due to sediment reworking in the upper part of the unit. The thickness of
this unit increases from around 0.85 m in L V 1 3 to between 1.1 and 2.5 m in LH12. The
degree of imprecision is due to the poor sample recovery by diamond drilling below
vibrocore L V 1 2 (1.13m). L V 1 2 coarsens with depth into a coral gravel dominated by
broken platy-coral species with little algal encrustation, and small branching corals.
Diamond drilling in L H 1 2 indicated that this platy-coral gravel extends to 2.5 m depth.
A piece of coral from the gravel at the base of L V 1 2 dated at 4280 ± 1 0 5 years BP, and
is consistent with the gravelly-sand in L V 1 3 . The uppermost part of the core at 0.3 m
depth yielded a Modern age. A gravelly-mud unit equivalent to that found in L V 1 3 was
not encountered in L V 1 2 , and did not appear to occur in L H 1 2 .

Transect 2 extends eastward over the coastal plain comprising a 300 m wide barrier
with a small foredune 6.5 m high above L A T . M e d i u m - coarse, generally well-sorted
sand with scattered coral and shell gravel dominate the coastal plain. The sediment is
similar to the surface gravelly-sands of the lagoon. Micritized algae are the dominant
sand-sized grain type, with the partially micritized grains and molluscs being the next
most c o m m o n types (Table 6.02). Coral and shell are the main components of the
gravel, however unlike the lagoon surface there is little or no algal coating. The coastal
plain was augered d o w n to the water table, which occurred approximately 1.0 m above
L A T . Gravel was concentrated just above the water table within the transect. The gravel
was also found at similar depths within three other hand auger transects from the coastal
plain. Three dates were obtained from this unit along an auger transect approximately
100 m further south than transect 2 (Figure 6.06). The oldest age, 4200 ± 80 years BP,
occurred within the centre of the plain at a depth of 3.1 m . The landwardmost edge of
the gravel was younger having an age of 1900 ± 85 years B P , while at 4.6 m just behind
the foredune the gravel was almost Modern dating at 90 ±115 years BP. T w o U/Th ages
were obtained in transect 2 being 4900 +200 -300 and 3600 ± 200 years B P (Brooke in
prep). O n Lord H o w e Island the corals have not been a closed chemical system
meaning that the uranium series ages do not correspond well to radiocarbon ages
(Brooke in prep). The U/Th ages are therefore included only to give a broad indication
of depositional timing.
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Table 6.02: Percentage composition of the sand size fraction of the coastal plain sediments.
Grain Type

Mollusc
Foraminifera
Bryozoans/Echinoids
Coral
Micritic Grains
Micritic Lithoclasts
Micritized Algae
Micritized Mollusc
Miscellaneous grains
with micritization
Non Carbonate
grains

Central Coastal Plain
Transect 2b
Hole base of which dated
at 4200 years B P

Airport Coastal Plain
Transect 4
Hole between L V 1 7 and
LV18

Depth
2.1m

Depth
3.3 m

Depth

1.3 m

Depth
1.7 m

14
1
4
7
7
7
31
6
21
4

19
5
1
7
4
3
46
3
11
1

9
0
2
4
5
3
25
4
24
24

14
0
3
8
13
5
28
2
18
12

6.3 Southern Lagoon
6.3.1 Transect 3

Transect 3 is located in the southern half of the lagoon just to the south of Comets Ho
and Comets Reef (Figures 6.01 and 6.09). Seismic profiling indicated that the Holocene
sediment thickness is greatest (10-20 m ) in this part of the lagoon (Section 5.3.2). The
lagoon in this section is also approximately 0.5 - 1 m deeper than in the northern half,
and contains extensive coral growth. Three vibrocores were taken within the lagoonal
sand zone (LV19, L V 2 0 , and L V 2 2 ) ; the fourth in a bare sand patch on the transition
the lagoonal coral and back-reef zones (LV21). The length of core recovery ranged
from 1.50 (LV19) to 3.46 m (LV20). The shallow recovery, when compared with the
overall sediment thickness, inferred from the seismic reflection profiling, means that
only the uppermost part of the lagoonal sediments was sampled. N o pre-Holocene
material was encountered within this part of the lagoon, nor any branching-coral gravel
equivalent to that in transects 1 and 2.

153

"o
GO
•4—1

0)

e
u

o
U
o
O

c
o
u

o a =o z

l l o

O

i3
•4—1

o
43

•3
O
— m

Tt

co

U
J3

m
o
•»-»

<D
CO

:j&*tf*jg|

C

2

H
©
V©

u

^ (ui) uoncAoig

154

The vibrocores from the lagoonal sand zone (LV19, L V 2 0 , and L V 2 2 ) are dominated
by a gravelly-mud unit, which extends from the base of the cores to within 0.3 - 0.4 m
of the sediment surface. The grain-size character and composition of this unit are
similar to that encountered in vibrocores on transects 1 and 2. All the sand-sized grains
are highly micritized with coralline algae being the dominant constituent (Figure 6.10).
The gravel-size fraction contained a large species of coral that occurred only within this
transect. The clasts were large, 100 - 200 m m long and 76 m m thick. Species
identification was not possible the vibrocore tube having cut through them, thereby
providing little information about the outer surfaces of the coral. Those outer surfaces
that were present contained minor abrasion and coralline algae encrustation. O n e large
encrusted clast of multiple coral branches (100 m m long) occurred at the base of L V 2 2 ,
was orientated vertically and m a y have been in growth position. The m a x i m u m
recorded age from this unit is 4880 ± 85 years B P in core L V 2 2 on a large clast at a
depth of 3.4 m . Ages from shallower in the gravelly-mud are consistent with this basal
age younging up core. Coral at a depth of 2.0 m has an age of 4420 ± 70 years BP,
while a massive coral from 1.1m dates at 4320 ± 80 years B P . The massive coral at the
base of L V 1 9 (1.36 m depth) has an age of 4710 ± 70 years B P , while a clast at 0.6 m
depth in the transition between the gravelly-mud and gravelly-sand unit dates at 4460 ±
115 years B P . N o dates were obtained from L V 2 0 because of core loss. The general
stratigraphy was similar to that in the other vibrocores on the transect.

The surface gravelly-sands above the gravelly-mud, as in transects 1 and 2, are medium
- coarse grained and dominated by algae and algal-encrusted clasts. Coral from the top
of core L V 1 9 yielded an age of 3970 ± 1 3 5 years BP. The transitional area between the
gravelly-mud and gravelly-sand in L V 2 2 at 0.60 m depth has an age of 4140 ± 145
years B P . The age of this uppermost unit appears to be contemporaneous with the
previous transects. The core from the bare sand patch (LV21) has a very different
depositional history to the three previous vibrocores. The core is sand dominated ( > 8 0 %
composition) and contains very little mud. Grain size and composition throughout the
core is similar to the surface sand at this site. Gravel generally composes around 1 0 %
(maximum 1 8 % ) of the core but decreases downcore to 3 % of sediment at the base. The
gravel is dominated by algae with boxwork rhodoliths (sensu Basso 1998) being the
most c o m m o n . This vibrocore contains the youngest dated sediment along transect 3.
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The base of the core at 2.06 m depth dates at 1310 ± 70 years BP. This age was on bulk
sand material due to the lack of coral or algal clasts. A n algal rhodolith close to the
surface (0.4 m depth) dates at 730 ± 105 years BP. Infill of the central parts of the
transect in core L V 1 9 , L V 2 0 , and L V 2 2 appears to have occurred before the deposition
ofLV21.
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Figure 6.10: Downcore sedimentology of L V 2 2 showing the grain size distribution and component
analysis for both the sand and gravel fractions. Depths given are in relation to the recovered core which
was compacted 3 5 % .

6.3.2 Transect 4

Transect 4 is located between the southern end of Lagoon Beach and Erscotts Hole, and
includes the coastal plain across the island to Blinkies Beach. The coastal plain is
approximately 800 m wide with a small tidal channel on its lagoonward side and a 6 m
high dune at the Blinkies Beach end (Figures 6.01 and 6.11). T w o vibrocores (LV17
and L V 1 8 ) and four hand-auger holes were obtained from the plain, one vibrocore
(LV4) from the sand channel that leads to Erscotts Hole, and two hand-held diamond
drill holes (LH4 and L H 3 ) in the reef top rubble zone (Figure 6.11). The central part of
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the transect crosses the lagoonal sand zone and is presumed, on the basis of seismic
results and surface morphology, to contain a similar stratigraphy to that on transect 3.
The m a x i m u m depth of recovery was 10.5 m below the rubble ( L H 4 and L H 3 ) ,
although recovery was poor (<5 - 4 8 % ) . Within the coastal plain, the hand-auger holes
did not penetrate deeper than the water table (1 - 1.5 m above L A T ) . The deepest
recovery from a vibrocore was 3.62 m below the water table (2.06 m below L A T ) in
L V 1 7 from the tidal channel. N o pre-Holocene material was recovered from transect 4.

Figure 6.11: Transect 4 in the southern half of the lagoon between Blinkies Beach and the reef crest.

The coastal plain is composed of moderately to well-sorted, m e d i u m to fine-grained
sand. Coral and shell gravel is scattered through the plain tending to be concentrated
towards the base of the auger holes. The composition of the sand-sized fraction is
similar to the coastal plain in transect 2 (Table 6.02). Micritized algae and partially
micritized modern grains are the dominant sand-size sediment. This part of transect 4
was devoid of foraminifera and differed from transect 2 in its non-carbonate grain
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composition. Lithic fragments composed of basalt, feldspars, pyroxene, and olivine
were c o m m o n comprising up to 2 4 % of the sand in transect 4, while on transect 2 it
amounted to a m a x i m u m of 4 % . These sediments probably relate to alluvial slumps
sourced from the slopes of Intermediate Hill. The edge of a small swamp, behind
Blinkies Beach dune, was vibrocored (LV18) to a depth of 2.83 m . The vibrocore is
composed of a 0.3 m thick surface unit of organic mud, which overlies a medium to
fine-grained sand that lacked gravel-size material. The vibrocore from the tidal channel
(LV17) contained a dissimilar stratigraphy. The basal part of the core contained
medium-grained sand with in situ well-preserved articulated bivalve shells. This was
overlain by finer and coarser-grained sand units with a high (>50%) composition of
lithic fragments. The top half of the core (from 1.3 m depth) contains two basalt and
coral gravel units, 200 - 300 m m thick, with individual gravel clasts up to 50 m m in
diameter.

The oldest radiocarbon age obtained from LV17, was on in situ shell material at 3.1 m
depth with an age of 4620 ± 1 2 5 years BP. The core was younger towards the surface
where at 2.2 m depth, mollusc shells date at 4210 ± 85 years B P , and a coral clast at 1.4
m depth had an age of 2890 ± 1 0 5 years BP. The shallowest date (0.7 m depth) was,
however, m u c h older with an age of 4420 ± 95 years BP. The latter two ages are taken
from the coral within the two distinct gravel units. The coarse material in L V 1 7 is likely
to be related to storms reworking lagoonal and coastal plain sediment.

Vibrocore LV4 closer to the reef crest is composed of approximately 80% sand and
2 0 % gravel. The gravel was dominated by platy-coral species, which formed a 0.30 m
thick gravel unit at the base of the core. O n e radiocarbon age of 2510 ± 70 years B P
was obtained at a depth of 2.1 m within this basal unit.

Two diamond drill holes (LH4 and LH3) were cored on the cemented boulder tongue
that separates Erscotts Hole from Erscotts Blind Passage. The two cores both reached
10.5 m depth and the sedimentary sequence within them is similar to drill holes within
the rubble zone on transect 1. The surface was characterised by a non-branching coral
unit that overlies a branching-coral framework. The inferred thickness of this surface
unit increased towards the lagoon from around 1 m in L H 4 at least 2 m in L H 3 . A
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cemented basaltic sand unit marked the contact between the two units in L H 4 . T h e
upper unit at 1 m depth in core L H 3 dated at 380 ± 6 0 years B P . T h e similarity in
stratrgraphy with the rubble zone in transect 1 would suggest that the same environment
and depositional timing occurred across the reef crest.

6.4 North Bay
6.4.1 Transect 5

Transect 5 is within North Bay and incorporates two vibrocores (LV8 and LV9) and
one reef crest drill hole (LH6)(Figures 6.01 and 6.12). T h e m a x i m u m depth of recovery
was 10.5 m beneath the rubble zone in L H 6 , while within the lagoon the vibrocores
sampled d o w n to 3.21 m in L V 8 and 5.62 m in L V 9 . Unlike transects 1 and 2, no preHolocene material was encountered.
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Figure 6.12: Transect 5 in North Bay.

The North Bay vibrocores contain a basal branching-coral gravel, which is overlain by a
gravelly-mud unit that grades into the surface gravelly-sands. T h e major difference
between these vibrocores and other gravelly-mud dominated cores in the northern half
of the lagoon, is the composition of the gravel fraction. Finely-branching coral species
are dominant, especially in the reefwardmost core, L V 9 . These coral branches are
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around 20 m m long, with minor algal encrustation but individual corallites are
observable (Figure 6.03). The larger branched species, present in transects 1 and 2,
dominate the basal gravel in L V 8 , however the finer branching corals are more
abundant than in other lagoonal transects. The oldest part of transect 5 is the basal
branching-coral gravel unit. A n age of 6210 ± 85 years B P was obtained from a dense
colony of upright coral branches, almost certainly in situ and most probably growing on
the antecedent surface, at 3.17 m depth in L V 8. The gravel unit of L V 9 (5.4 m depth)
was younger with an age of 5390 ± 1 6 5 years BP. The core (LV9) generally is younger
upcore within the gravelly-mud unit with an age of 5150 ± 105 years B P at 3.6 m depth,
and 5070 ±155 years B P at 2 m depth. A n age reversal did, however, occur with an
A M S date of 5680 ± 105 years B P at 3.3 m depth on an algae fragment. The uppermost
parts of the core in the gravelly-sand were again similar to the stratigraphy seen on
transects 1, 2, and 3. A n age of 3970 ± 85 years B P occurs at 1.2 m depth in L V 9 , while
a similar unit in L V 8 at 0.2 m depth had an age of 4360 ± 70 years BP. Algal
encrustation on the coral clast at 0.2 m depth dates at 4320 ± 70 years BP. This
indicates that encrustation was quite rapid and that the corals were not exposed on the
surface for a prolonged period, otherwise the age difference would have been much
greater.

The hand-held diamond drill core from the rubble zone, LH6, contained a similar
sediment sequence to the drill cores in transects 1 and 4. The upper third of the core was
composed of non-branching coral species, which overlay branching-coral sediments.
Recovery was extremely poor, being less than 1 % between 3 and 8 m depth. Another
diamond drill core was obtained from the same section of the rubble zone
approximately 100 m further south (LH1). This core also contained a similar
stratigraphy with non-branching corals and algae occurring in the upper 3 m of the core
which overlie a branching-coral unit from which recovery was poor. O n e date was
obtained from a coral at 1.5 m depth from the upper section of this second core which
has an age of 2970 ± 80 years BP. The non-branching corals at the upper part of the
core therefore appear to be the youngest unit in transect 5 being deposited after the infill
of the lagoon.
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6.5 Old Settlement Bay
6.5.1 Transect 6

Transect 6 is located along the southern side of the embayment incorporating a series o
hand-auger holes along a small creek, reported in Woodroffe et al. (1995), and three
vibrocores (LV6, L V 7 , and LV10)(Figures 6.01 and 6.13). The m a x i m u m depth within
the lagoon was 5.42 m in L V 7 and hand-augering on the coastal plain reached no
deeper than L A T . N o pre-Holocene carbonate material was encountered in the transect.
Alluvium was encountered at the landwardmost part of the transect, and appeared to
form the antecedent surface for terrestrial sedimentation, at least for the coastal plain.
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Figure 6.13: Transect 6 along the southern side of Old Settlement Bay.

The oldest Holocene unit within the transect was a branching-coral gravel similar to
that occurring as the basal unit in transects 1, 2 and 5. This unit occurred at the
m a x i m u m penetration of L V 6 (4.6 m depth), the seawardmost core, and a radiocarbon
age on a coral in this unit is 6240 ± 175 years BP. This unit is composed of highly
algal-encrusted branching-coral clasts, up to a m a x i m u m length of 65 m m . A gravelly-
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m u d unit overlies this. Platy-coral species accounted for up to 6 0 % of the gravel with a
lesser amount of branching-coral clasts within the gravelly-mud. A coral clast with up
to three millimetres of algal encrustation at 1.3 m depth in L V 6 dates at 5140 ± 80 years
BP. The encrusting algae dated at 4930 ± 80 years B P . This clast therefore appears to
have been exposed on the surface for 210 years, however, even though the age
difference was greater than the other clasts that were A M S dated the clasts still appear
to represent the timing of deposition well. The sediment coarsened upcore to the surface
gravelly-sands. This latter unit dates at 4510 ± 60 years B P at a depth of 0.4 m . L V 6
therefore presents a similar stratigraphy to the lagoonal vibrocores in transects 1, 2 and
5, and was deposited during a similar period. However, these sedimentary units do not
extend further into Old Settlement Bay, and no sediment of an equivalent age is found
on transect 6.

The two cores closer to shore, LV7 and LV10, are dominated by medium-grained sand
with varying amounts of m u d and molluscan gravel. The core from the centre of the
bay, L V 7 , penetrated to the greatest depth (5.42 m ) . The basal unit within this core is a
fine-grained sandy mud, with a large gastropod shell of the family Potamididae (mud
whelks) (Figure 6.14). Algal encrustation, up tofivemillimetres thick, occurs on only
one half of these shells as it does on many of the gastropods found within the bay. The
sandy-mud was overlain by medium-grained sand with some coral and shell gravel at
its boundary with a muddy-sand unit at 3.6 m depth. A coral and shell gravelly-sand,
which overlies the muddy-sand, grades into the surface sand. Algal material from the
top (2.4 m depth) and bottom (3.6 m depth) of the muddy-sand dates at 1640 ± 1 3 5 and
2240 ± 70 years B P respectively. L V 1 0 was the shorewardmost core located on a small
delta at the mouth of a creek along the southern side of the beach. Coral gravel is absent
from this core. The lower part of the core contains a medium-coarse sand unit with
scattered shell fragments. The central part of the core is characterised by a gravelly-mud
unit with up to 3 7 % gravel which is composed almost exclusively of two gastropods of
the families Potamididae (mud whelks) and Cerithiidae. The gastropod species
Enzinopsis resta (Iredale 1940) is the most c o m m o n (Figure 6.14). The lower limit of
this molluscan gravelly-mud unit at 2.9 m depth dates at 4230 ± 85 years BP. The upper
part of this unit at 0.8 m depth dates at 2970 ± 105 years BP.

Figure 6.14: C o m m o n mollusc species found within Old Settlement Bay. a) bivalve
shell c o m m o n in the lower, laminated, parts of L V 1 4 and b) smaller Trochidae
gastropods c o m m o n in the upper units of LV14. c) M u d Whelks (Enzinopsis resta)
commonly found in the low-energy muddy units which do not contain coral gravel.
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The surface unit was traced beneath the coastal plain by Woodroffe et al. (1995). The
molluscan m u d was also found in their auger holes at the rear of the coastal plain. This
m u d therefore appears to extend across the landward portion of the bay. It is also likely
that the unit composes the basal unit in L V 7 . The rest of the coastal plain was
composed of m e d i u m carbonate sand, with little or no gravel material. At the
landwardmost part of the plain, in a small creek; the carbonate sands interfinger with
basaltic clays derived from the nearby hills. A n age of 870 ± 80 years B P was obtained
from a mollusc (Fragum unedo) at the surface of the creek, on the mollusc, in a unit
that Woodroffe et al. (1995) correlated with the uppermost unit of L V 1 0 .

6.5.2 Transect 7

Transect 7 is located across the centre of the Old Settlement Beach coastal plain to
Sylphs Hole within the lagoon (Figure 6.01). The transect incorporated three handauger holes and two vibrocores (LV15 and L V 1 6 ) from the coastal plain (Figure 6.15).
One vibrocore (LV14) was obtained from the southern side of Sylphs Hole in 3 m water
depth. The auger holes reached a m a x i m u m depth of approximately 2 m above L A T
(1.5 - 3.0 m below the surface), with the water table inhibiting deeper penetration. The
onshore vibrocores both sampled to 3 m depth, just over one metre below L A T . Within
the lagoon the Sylphs Hole core penetrated to 5.80 m depth. A s in transect 6 preHolocene carbonate sediments were not encountered. The two vibrocores from the back
of the coastal plain penetrated the entire carbonate sequence sampling the underlying
alluvium and basalt rubble. W o o d material from near the top of the alluvium has an age
of 6400 ± 80 years B P at 2.5 m depth, 0.15 m below the carbonate sediment. W o o d y
material from the top of the basalt alluvium at 2.35 m depth dates at 5790 ± 70 years
BP.

Medium to fine grained, moderately-well sorted carbonate sand overlies the basalt
alluvium, in L V 1 6 . The sand contains w o o d debris, with scattered shell and coral
gravel. At approximately 0.75 m depth, a coarse-sand unit occurs, and there is a marked
decrease in the organic content towards the surface. Alluvial m u d interfingers with the
carbonate sediments in the upper 0.3 m of the core. There is a high degree of
micritization of the sediments in this core (Figure 6.16). At the base of the core
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unmicritized grains composed 2 % of the sand to within 0.5 m of the top of the core
above which 1 2 % of the sediment was free from any micritization. The most abundant
grain type within L V 1 6 was micritic shell, comprising between 1 7 % and 2 5 % of the
sand. Micritized coralline algae, which dominated the cores in L V 1 3 and L V 2 2
(Transects 2 and 3), accounted for 1 1 % - 1 9 % . Volcanic minerals were also c o m m o n
comprising between 3 % and 1 3 % of the sand. The composition of individual grain
types did not appear to vary consistently through the core. The major trend is for an
increase in micritization with depth.

Vibrocore LV15 further seaward of LV16 also penetrated to the basalt alluvium. This
core is dominated by coarse sand, with abundant gastropods. These gastropods are
scattered through the central section of the core and tended to be concentrated in
discrete units. Only one piece of coral gravel is found, at 0.7 m depth. W o o d material is
absent. Alluvial m u d occurred from the top of the core to 0.45 m depth. The rest of the
coastal plain appears to be composed of moderately-sorted, medium sand with scattered
coral and shell gravel. These sands were hand-augered to a depth approximating the
upper part of L V 1 5 . This part of the coastal plain is similar to the barrier sands
described by Woodroffe et al. (1995) at the southern part of the embayment (Figure
6.13).

The oldest carbonate sediment encountered within the coastal plain is in LV16. Sand
appears to have been deposited soon after alluvial deposition ceased; wood at 1.9 m and
1.4 m depth dated at 5590 ± 70 years B P (0.4 m above the basaltic alluvium) and 5150
± 90 years B P respectively. The upper part of this core at 0.6 m depth is m u c h younger;
a coral clast dating at 2150 ± 85 years BP. Deposition of L V 1 5 appears to be concurrent
with the uppermost part of LV16. Gastropod material at 2.1 m depth in L V 1 5 dates at
2430 ± 105 years B P , while the coral clast at 0.7 m depth has an age of 3060 ± 155
years BP. The coastal plain of transect 7 appears to have undergone two distinct periods
of sedimentation, the first before 5000 years B P and the second after 3000 years BP.

The lagoonal part of transect 7 is located within Sylphs Hole. Vibrocore LV14 contains
a coarsening-upward succession from m u d to a medium to fine sand at the surface.
Gravel composition is low generally less than 1 0 % ; however, some coarser units occur.
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Molluscs are the dominant gravel component. T w o large angular coral clasts occur at
1.5 m depth. The lower part of the core contains a m u d unit with abundant shells
(Figure 6.14). These shells are well preserved and apparently bedded, although
disarticulated. Shell material in the upper part tends to concentrate in the coarser units.
A shark tooth was found at a depth of 3.5 m . Three dates were obtained on coral from
the upper, coarser, units of the core. These gave an age of 570 ± 1 3 5 years B P at 2.4 m
and 250 ± 80 years at 0.5 m depth. The large coral clast located between these two
samples had a m u c h older age of 4110 ± 85 years BP. This coral clast is highly angular
and appears to be the base of a branching-coral colony. Its position within the finer
sediments and angular appearance suggest that it m a y be allochthonous sourced from
Sylphs Reef.

6.6 Sedimentation Rates

Rates of sedimentation within the cores on reef crest and vibrocores within the lagoon
were calculated using the depths (corrected for compaction) and environmentallycorrected radiocarbon ages. Accumulation rates for each sedimentary unit can be
calculated using the dated intervals.

Accumulation rates were difficult to establish within the reef crest because of poor
sample recovery, which meant that because there were large uncertainties in sample
depth little age control is obtainable. T w o dates were obtained from the reef-top core
L H 5 on transect 1. The accumulation rate between the base of the core in the branchingcoral framework and the upper non-branching unit is approximately 2.8 mm/yr. A n
error of 70 - 100 years is quoted for these dates. Using this error value to estimate the
probable m a x i m u m and minium age at each dated interval then the accumulation rate
varies between 2.1 and 4.2 mm/yr. L H 2 the most lagoonward reef-crest core is
contained entirely within the cemented non-branching coral unit. The calculated
accumulation rate for this core, based on two ages, is 16.4 mm/yr. Including the
estimated age error, this part of the reef appears to have accumulated at a rate of
between 9.2 and 73.8 mm/yr. This range seems extremely high for reef accumulation
and the actual rate most probably lies around the lower end.
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The estimated rate of accumulation in the seawardmost vibrocore in transect 1, L V 2 ,
based on the deepest and shallowest ages, was 4.7 mm/yr. Infill rates of individual
units, however, appear to vary from this general figure. The basal coral gravel
accumulated at a rate of 5.3 mm/yr. The combined accumulation rate of this unit and
the lower-lying gravelly-mud is similar at 5.1 mm/yr. In the rest of the transect (LV1
and L V 5 ) the faster rates of accumulation appear to occur only within the gravelly-mud
unit. In L V 1 a very rapid rate of infill is assumed to occur with coral clasts at 1.36 m
and 3.29 m not having significantly different ages. Rates of accumulation of the basal
branching-coral gravel lessen towards the shore being 1.2 mm/yr in L V 1 .

In transect 2 the average rate of core accumulation was 2.9 mm/yr; however, as in
transect 1 the gravelly-mud unit infilled more rapidly at 5.0 mm/yr, and up to 6.5
m m / y r just above the branching-coral gravel unit. L V 1 2 just behind the reef crest,
which does not contain the gravelly-mud unit accumulated at a slower rate of 0.9 mm/yr
for the whole core. The lower part of the core containing both branching and platy-coral
gravels infilled faster at around 2.9 mm/yr. The average core accumulation rates in the
southern half of the lagoon in transect 3 was 1.8 mm/yr (LV19) and 3.8 mm/yr (LV22).
A s on the previous two transects, the gravelly-mud unit had a high accumulation rate of
3.2 m m / y r and 4.9 mm/yr respectively. The accumulation rate within the southern half
must, however, have been greater during the early part of the Holocene as there was a
greater amount of accommodation space to infill compared with the northern half of the
lagoon. The seaward coarse sand core L V 2 1 accumulated at a mean rate of 2.9 mm/yr
quite similar to the previous cores which contained very different sediment units. This
rate is based on only two dates at the top and base of the core. Using the error values on
the ages the accumulation rate ranges between 2.2 - 4.1 mm/yr, again in the same range
as the landward parts of the transect. The most rapid sedimentation rate occurs within
North Bay. Core L V 9 infilled at an overall rate of 2.9 mm/yr, however, the gravellym u d unit had a rate of 10.7 mm/yr. This rate is almost twice that of the next most rapid
rate in the lagoon approximating the sedimentation rates on the reef crest.

In Old Settlement Bay, datable gravel material was generally restricted to distinct uni
meaning that sedimentation could not be calculated for the entire length of the cores.
This means that only for those specific units can inferences be made. A sand unit within
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the centre of L V 7 had an accumulation rate of 2.0 mm/yr, while molluscan m u d in
L V 1 0 close to shore had a rate of 1.6 mm/yr. The two differing sedimentologies and
similar sedimentation rates suggest that sediment supply/production was not related
entirely to the environment of deposition. The highest rate of sedimentation for these
embayed cores occurred within Sylphs Hole. The upper part of L V 1 4 , which also
contained the largest amount of near recent sediment, infilled at a rate of 5.8 mm/yr
over the past 500 years. There is a large age reversal in the upper part of this core,
however this clast appears to be allochthonous, most probably, storm related. Sediment
accumulation on the coastal plain within Old Settlement Bay occurred over two periods
between 6000 and 5000 years B P and after 2000 years B P . The early phase of
deposition had a rate of accumulation of 1.4 mm/yr. If the second phase of deposition is
also included then the total sedimentation rate drops to 0.5 mm/yr. The primary
direction of sedimentation of the recent material appears to be lateral rather than
vertical, which would account for the low accumulation rate.

6.7 Summary

Various depositional environments appear to have occurred through the lagoon and reef
during the Holocene. These environments are composed of different thicknesses of the
main sedimentary units (Table 6.03).

Table 6.03: Sedimentation rates for the main Holocene lagoonal environments

Unit
Branching-Coral Gravel

Gravelly-Mud
(dominated by coral gravel)

Gravelly-Sand
Cemented Boulders
Branching-Coral Framework

Location
Landward Limit of Unit
(Northern Lagoon)
Reefward Limit of Unit
(Northern Lagoon)
North Bay
Northern Lagoon
Southern Lagoon
Edge of Old Settlement Bay
Old Settlement Bay*
Old Settlement Bay
Back-Reef
Reef Crest
(0 - 3 m depth)
Reef Crest
(3 - 10.5 m depth)
dominated by molluscan gravel

Sedimentation Rate
(mm/yr)
1.2-2.7
5.3
10.7
5.0-6.5
3.2-4.9
1.7
1.6
0.5 - 2.0
0.9 - 2.9
2.8
16.4
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These environments can be subdivided into 4 groups. Thefirstoccurs within the central
parts of the lagoon and is dominated by micritic gravelly-mud sediments with a surface
unit of gravelly-sand. Sedimentation of this group appears to have initiated just after
6500 years B P in the northern half of the lagoon and is likely to have been earlier
within the deeper southern half. The majority of sediment appears to have been
deposited quite rapidly at around 5 mm/yr. The second grouping occurs close to the reef
crest where the sediments are dominated by gravelly-sands which are less than 3000
years old. The rate of infill has been slower, around 2 - 3 mm/yr, and these sediments
are restricted to bare-sand areas in the back-reef zone. The third grouping occurs within
the lagoonal embayments. Sandy units dominate the sediments, however, small m u d
units also occur. Coral gravel that is dominant in the previous two groupings is
generally absent with gastropods being the main coarse fraction. Sedimentation appears
to have occurred within these areas between 4000 and 6000 years B P , however the bulk
of the material was deposited after 3000 years B P when the main part of the lagoon was
infilled. The rate of sedimentation is similar to the back-reef group at 2 - 3 mm/yr.
These three sediment groupings all occur within the unconsolidated lagoonal sediments.
Thefinalgrouping occurs within the fringing reef and it composed of coral framework.
The sediments are composed of a branching-coral framework that extends from 3 m to
at least 10.5 m depth and contain numerous voids. The upper part of this unit is
composed of well-cemented non-branching corals. The branching-framework appears
to have been deposited from the time of carbonate initiation until 4000 years B P , the
upper unit is generally younger than 3000 years BP. The subsurface sediments on Lord
H o w e Island are therefore different to those found on the modern surface with the
environment of deposition appearing to have spatially varied across the lagoon.

170

CHAPTER 7
DISCUSSION AND CONCLUSION
7.1 Spatial and Temporal Sedimentary Change

The sedimentary environments within the lagoon and reef on Lord Howe Island have
not remained constant through the Holocene. The lagoon surface is composed of coarse
sand and gravel while the majority of the subsurface is dominated by m u d d y sediment.
Similarly reef-crest sediments encountered at depth were different from those at the
surface. The upper part of the reef is composed of algal-cemented rounded-coral rubble
while the subsurface is dominated by branching-coral clasts. Four general spatial
patterns of sedimentation can be identified on the reef and lagoon based on the depth of
the pre-Holocene surface, and sedimentary groupings identified in chapter 6. These are
the northern lagoon, southern lagoon, embayments, and the reef crest.

7.1.1 Northern Lagoon

The northern section of the lagoon incorporates transects 1, 2 and 5, where the preHolocene surface is shallowest being around 5 m deep along the shore and 10 - 15 m
deep beneath the reef crest. In transect 2 the surface is relatively horizontal across the
lagoon; in transect 1 it gradually deepens towards the reef, whereas in transect 5 the
gradient is steep. The relative shallowness of the pre-Holocene surface means that the
entire Holocene sediment sequence could be sampled, as in L V 5 on transect 1 and
L H 1 2 and L H 1 3 on transect 2. In L V 8 on transect 5 at a depth that is inferred from the
seismic profiling to be just above the pre-Holocene sediments in situ corals where
encountered which m a y have grown directly on this prior surface. T h e onset of
Holocene carbonate sedimentation within the lagoon is characterised by a basal
branching-coral gravel unit.

Unlike drilling results from other reef crests worldwide where cores have penetrated the
entire Holocene sediment sequence and found coral colonisation to have occurred
between 7000 and 8000 years B P , this period of evolution has rarely been sampled in
lagoons. The first stage of lagoonal sedimentation on the Great Barrier Reef has been
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shown to be composed of branching-coral gravels; however, in situ development and
age of initiation of this unit has only been inferred (Marshall and Davies 1982, Scoffin
and Tudhope 1988, Tudhope 1989). Branching-coral gravels also have been
encountered in cores on the Cocos (Keeling) Islands (Smithers et al. 1992); however,
only the uppermost parts of these sediments were sampled. These gravels are often
inferred to have formed under high-energy open-ocean circulation as coral colonised
the pre-Holocene surface after flooding by sea-level rise. The lack of fine-grained
sediments in the basal gravel unit on Lord H o w e Island suggests that these sediments
were deposited under high-energy conditions with any fine material being reworked out
of the proto-lagoon. Coral-gravel clast size appears to be determined by skeletal
structure with breakage along joint lines (Sorby Principle), which further implies that
high-energy conditions dominated this period of deposition.

These gravels do not appear to overlie a reef framework. The landward core LV8 in
transect 5 contained the only coral in apparent growth position. The thickness of this
unit increases towards the reef crest, as the pre-Holocene surface deepens, and their
contact could therefore not be sampled. There are indications that there m a y be a
sedimentological change in the basal unit at the seaward margin of the lagoon. In the
diamond drill core L H 1 2 the coral gravels, which are encrusted by coralline algae
throughout the rest of the lagoon, overlie a deeper branching unit which is free of algal
coating. These gravels also appear fresh and have little evidence of any postdepositional transport, and therefore m a y form an in situ branching-coral framework.

In core LV13 on transect 2, sponge spicules were found to increase in abundance with
increasing depth, comprising around 1 % of the sand fraction within the basal gravel.
Sponges are very important in the erosion of hard corals (e.g. Hutchings 1986) and are
particularly abundant in areas of swift currents (Milliman 1974, p86). It would therefore
appear that the basal branching-coral gravel was deposited in open-water conditions
related to widespread coral growth across the antecedent surface.

The upper surface of the coral gravel unit rapidly grades into a bimodal gravelly-mud
unit. This unit is composed of fine-grained micritic m u d which contains gravel clasts of
varying sizes and preservation. It forms the largest sedimentary unit within the northern
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section of the lagoon infilling to within 0.5 m of the surface in most cores. Sand-size
material is a minor component of the sediment and decreases with depth. If the lagoon
was still under high-energy open-ocean conditions, as inferred during deposition of the
previous unit, then thefine-grainedm u d s would be suspended and reworked out off the
proto-lagoon.

Branching corals are a common growth form in reefal areas of high sedimentation
(Chappell 1980); however, in reefs dominated by m u d massive Porites often dominate
as seen in Thailand (Tudhope and Scoffin 1994, Scoffin and Le Tisser 1998). In many
modern lagoons where m u d is being deposited coral growth is restricted to patch reefs
and generally does not occur on the lagoon floor ( M c K e e et al. 1959, Tudhope et al.
1985, Tudhope 1989, Adjas et al. 1990). Lagoonal gravelly-mud has been recorded on
Davies Reef (Tudhope 1989), Heron Island (Smith et al. 1995, 1996) and the Cocos
(Keeling) Islands (Smithers et al. 1992). In these reefs it is the reduction of lagoonal
circulation caused by growth of the reef crest which allows for m u d deposition. The
primary sediment source on these reefs is the reef crest.

The juxtaposition of mud and in situ gravel in the northern half of the lagoon appears
contrast with modern analogues. O n the Great Barrier Reef in situ sediment production
within the lagoon is generally restricted to patch reefs, whereas molluscan gravels tend
to dominate the coarse size fraction in the remainder of the lagoon (Scoffin and
Tudhope 1988, Tudhope 1989). The proportion of gravel in this unit on Lord H o w e
Island is, however, greater than these Great Barrier Reef platform lagoons. Branchingcoral clasts dominate the composition, and appear to be of a similar species to that
which comprises the basal gravel. The branches range from smallfine-branchingclasts
a few millimetres thick to large branches 100 m m long (Figure 6.03). The degree of
abrasion is also variable ranging from pristine clasts where all the corallites are visible
to branches where no surface features are observable. However, the surface appearance
is modified by pervasive coralline algal encrustation which occurs on almost every
clast. Molluscs are generally only a minor proportion of the gravel. The abundance of
this reefal gravel suggests that either coral growth was not greatly affected by a
reduction in lagoonal energy or widespread patch-reef growth occurred within this
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section of the lagoon. N o evidence of patch-reef growth was found in cores or seismic
trace, so in situ accumulation appears most likely.

The provenance of mud-size material in reef environments has often proved elusive.
Biological breakdown and chemical precipitation are the most c o m m o n processes
inferred (Stockman et al. 1967, N e u m a n n and Land 1975, Farrow and Fyfe 1988, Adjas
et al. 1990, Robbins et al. 1997). Inorganic precipitation is important in the w a r m
tropical Bahamas where the salinity exceeds 35%o (Rao 1996). O n Lord H o w e Island,
the oceanic conditions, which alternate between tropical and temperate environments do
not experience the carbonate saturation or temperature which allows for precipitation.
Biological breakdown of coral into mud-size particles most commonly occurs through
boring and grazing activities of reef fauna, generally sponges and echinoids (Futterer
1974, Milliman 1974, Acker and Risk 1985, Farrow and Fyfe 1988). These borings tend
to produce distinctly shaped grains that can be recognised under the scanning electron
microscope (SEM)(Hay et al. 1970, Stieglitz 1972). A preliminary investigation of the
lagoonal m u d on Lord H o w e Island using the S E M did not find any of these
characteristic grains (Nash 1994).

Thin-section analysis showed that a high degree of micritization occurred within the
sand-size fraction. The progressive loss of structure by micritization, which increased
with depth, is also associated with grain breakdown. X-ray diffraction analysis of the
m u d showed that it was primarily composed of 12 - 20 mole % M g calcite (Nash 1994)
similar to that derived from calcareous red algae (Scoffin 1987). A s calcareous algae
constitute the main sand component of the surface and subsurface sediment as well as
encrusting almost all gravel clasts in situ breakdown of algal grains could therefore be
the source of the fine sediment. Fine material could also have been derived from the
reef crest as occurs on the Great Barrier Reef (Davies et al. 1976, Tudhope 1989),
however, this would have been only a minor source, meaning the lagoon would be less
turbid and hence more favourable for coral growth.

Almost all coral gravel clasts contained algal coatings up to a few millimetres thick.
Algal encrustation tends to be greater the longer clasts are exposed at the surface. A M S
dating indicates that encrusting algae is generally around 100- 200 years younger than
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the encrusted coral in the sediments (Table 6.01), which suggests that the coral was
rapidly encrusted at the surface prior to burial. A M S dating of the sand fraction in the
cores compared with corals and encrusting algae dated at the same interval was
conducted to determine whether the sand and coral gravels were deposited
contemporaneously. At 0.67 m depth in L V 2 (transect 1), the sand was approximately
500 years younger than the coral and algae clasts. This therefore implies that the sand
infilled the matrix rather than accreting at the same time. The later micritic breakdown
of this sand, combined with some finer material sourced from the reef could then
provide the mud-sized sediment to infill the coral matrix.

Bioturbation by Callianassa shrimps is important in lagoonal sediment accumulation.
Tudhope and Scoffin (1984) noted that shrimp burrowing would rapidly bury coarse
debris while continually recycling fine material to the surface. This can bias the
sedimentological record as infaunal gravels such as molluscs are poorly preserved
(Tudhope and Scoffin 1984). This process does not appear to have occurred within the
gravelly-mud unit on Lord H o w e . While there is little apparent bedding and crustacean
fragments are scattered through the unit there is no preferential destruction of coral
clasts. If this burrowing did occur then presumably the m u d d y material would have at
least partly been reworked out of the reef which does not appear to have occurred.

The uppermost sedimentary unit in the northern lagoon is gravelly-sand. This unit is
thickest at the reefward edge of the lagoon and thins landward. It grades into the
underlying gravelly-mud unit, and in transects 1 and 2 a thin gravel unit similar to the
basal coral gravel occurs at the base of this transition. The coral gravel in the gravellysand, unlike the deeper sediments, is sub to well-rounded exhibiting evidence of postmortem physical breakdown. The topmost part of this unit comprises the lagoon floor
and the sediments are therefore subjected to high-energy conditions which are able to
rework any suspend and fine material and transport it out of the reef. Diurnal tidal
currents were observed to be strong enough to m o v e coarse sand ripples 1 0 - 2 0 m m
high. T h e amount of sediment mobilisation during storm events would therefore
involve a significant proportion of this material.
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The majority of surface gravel, unless it is closely related to its source, and hence
recently added to the lagoon, is encrusted with thick layers of coralline algae. These
encrustations are commonly a few millimetres thick with rhodoliths being especially
c o m m o n . These rhodoliths are composed of well-rounded balls, boxworks, and free
living branches. Constant agitation of these clasts is required to maintain symmetrical
growth, which further suggests that the modern lagoon surface is readily reworked.
While coralline algae is one of the most important contributors to reef framework,
similar rhodoliths have been described in non-tropical settings such as in the
Mediterranean, where they occur in water depths d o w n to 90 m (Basso 1998).
Rhodoliths have also been ascribed to reef erosion, primarily caused by echinoid
erosion and fragmentation of reef framework (Piller and Rasser 1996). It would
therefore appear that the environment of deposition of the surface sands appears to be
quite different to that of the subsurface mud-dominated material.

On the edge of the cemented rubble zone in LV12 the gravel composition of the
gravelly-sand unit contains different species to those found further into the lagoon.
Branching corals do occur but are equally abundant as broken platy forms. These corals
also appear fresh, and although broken have not lost surface features such as occurs
towards the centre of the lagoon. This core also contains the youngest date in the
northern lagoon section, and it is likely that these fresher coral clasts are sourced from
reef-front colonies reworked across the reef crest or from the surrounding coral growth
in the back-reef zone.

The increased hydrodynamic environment and shallowness of the modern lagoon
appear to be quite favourable for coral growth. Pocillopora damicornis colonies are
scattered throughout almost all the benthic zones, while Acropora horrida patches have
developed in North Bay. This m a y also occur in other lagoons, for example widespread
coral colonisation of the lagoonal sand surface has been suggested by Tudhope (1989)
to characterise the last phase of lagoonal infill under subtidal marine conditions.
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7.1.2 Southern

Lagoon

In the southern lagoon, incorporating transects 3 and 4 (Figures 6.09 and 6.11), the
depth of the pre-Holocene surface is between 5 and 13 m , greater than generally found
in the northern lagoon. A s the lagoon floor, is relatively flat, and has infilled to
approximately the same level through both the northern and southern halves this
indicates that there is a greater Holocene sediment thickness in the south. Coring
penetrated to a m a x i m u m depth of 3.4 m thereby sampling only the upper portions of
the sediment. However, some inferences can be m a d e on the deeper units based on the
seismic profiling.

The seismic profiling presented in chapter 5 indicated that areas of homogeneous trace
dominated m u c h of the lagoon whereas some of the deeper areas contain isolated strong
reflections. The areas of well-defined deep trace correspond to the development of the
patch reef next to Comets Hole, as well as the large circular features on the landward
section of the lagoon coral zone (Section 4.2.7). The correspondence of these areas of
stronger seismic reflection and surface coral framework, either actively accreting, such
as Comets Reef, or smothered by sediment, such as the lagoonal coral zone, would
suggest that framework extends d o w n to the pre-Holocene surface. This would indicate
that these patch reefs have grown since the initial flooding of the lagoon. Comets Reef
is the only one to maintain growth and not have been buried by sediments.

The upper part of the sediments in the southern lagoon was cored by four vibrocores.
Those cores, in the lagoonal sand zone, contained sediments similar to the northern
lagoon being dominated by a gravelly-mud overlain by the surface gravelly-sands. The
sand-size fraction is highly micritized and dominated by coralline algae. Branchingcoral clasts dominate and are algal-encrusted whereas rhodoliths are concentrated
within the uppermost gravelly-sand unit. The similarity of the sediments with those of
the northern half of the lagoon implies a similar depositional environment. There does
appear to be some differences in the composition of the gravel components. Scattered
through the cores were several non-branching corals around 100 m m thick. This species
was not found in the subsurface sediments in other parts of the lagoon. These clasts
were not extensively bioeroded which is unusual for this growth form in lagoonal

177

environments, especially if exposed at the surface for a prolonged period (Musso 1992,
Pandolfi and Greenstein 1997). Constant reworking and transport such as occurs on the
modern surface tends to break these clasts down, implying they were not transported
any significant distance before burial. M a n y of the branching corals that occurred in
these cores consisted of multiple branches cemented together. Transportation of these
gravels is therefore assumed to be minimal otherwise they would have been physically
destroyed. A s framework-derived gravel tends to increase in occurrence with proximity
to patch reefs in lagoonal environments (Tudhope 1989) this implies these sediments
were sourced from the surrounding patch reefs.

The gravelly-mud dominated stratigraphy does not extend across the whole of the
southern lagoon. O n e core, L V 2 1 , in a large sand patch on the margin of the back-reef
and lagoonal coral zone was composed of coarse sand. Very little mud-sized material
was present and coral gravel was also rare. Boxwork rhodoliths were the most c o m m o n
form of gravel. The composition of the sediment appeared to be homogeneous
throughout the core. The coarseness of the sand and lack of any gravel, except rounded
and abraded forms suggest that it is entirely allochthonous. The sand patch is however
spatially restricted by abundant coral and algal growth which have grown at least 1 m
above the bare sand. Comets Hole, which is around 10 m deep, is probably the closest
possible modern analogue to this sand patch. The hole is currently being infilled by a
prograding wedge of coarse sand which has compositional and textural characteristics
very similar to the sediments from the surface of L V 2 1 . This wedge extends to the base
of the hole and is developing a thick sequence of coarse sand along the infilling margin
of the hole. It is quite possible that a similar process has occurred in the infill of core
L V 2 1 , except that rather than being surrounded by sand the edge of the seaward hole
m a y have been dominated by coral and algal communities.

7.1.3 Embayments

Old Settlement Bay differs from the rest of the lagoon in that it is bounded on three
sides by land, and is furthest from the reef crest. This means that the sedimentary
environment has been relatively protected, but, more importantly, allochthonous
sediment can only be transported into the bay from a single, westerly, direction. The
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depth to the antecedent surface is a m a x i m u m of 10 m close to Dawsons Point, and
shallows landward where both the basalt and calcarenites are exposed on the northern
and southern sides of the bay respectively. The pre-Holocene surface was not sampled
within this part of the lagoon but two vibrocores on the coastal plain behind Old
Settlement Beach penetrated the entire carbonate sequence.

The sediments within the bay are dominated by sand with gravelly and muddy units
occurring at varying depths. In the centre of the bay a molluscan gravelly-mud occurs at
the base of L V 7 which in L V 1 0 shallows towards the shoreline. Onshore auger
transects indicate that this m u d also occurs beneath the modern coastal plain. Shelly
sands tend to underlie this unit close to the shore whereas in the centre of the bay both
fine and coarse sands with coral and mollusc gravel layers occur. The sedimentology of
the bay can be divided into two main types, those sediments dominated by molluscs
with no coral and those sediments with coral and molluscs present.

The deeper fine-grained sands and muds tend to be dominated by Enzinopsis resta
gastropods. They occur in m u d layers within L V 7 and L V 1 0 , and can be found in sandy
units in the onshore cores. Algal encrustation of the gastropods within the lagoon
indicates an intermittent stability in the substrate. The encrustation is restricted to one
side of the clasts where it is a few millimetres thick; however, the other side of the shell
is virtually free of algae. This suggests that the shells were lying on the sediment
surface for an extended period with no overturning. Sandy units within the coastal plain
also contain these gastropods; however, these shells are often free of algae or have only
a thin encrustation. This species of gastropod is most commonly found in low-energy
mud-dominated environments often in association with seagrass. This implies that an
extended period of low-energy m u d sedimentation occurred within Old Settlement Bay
with occasional storm events reworking gastropods onto the shore. This period of
evolution does not appear to have favoured coral growth with no coral gravel being
found associated with these shells. Excavations on the coastal plain near the airport 3 4 m below the surface have shown the presence of this same species of gastropod (L.
M e n k e , pers. c o m m . ) . This means that this area was also once embayed and lowenergy, which has subsequently infilled and prograded lagoonward as a coastal plain.
Mollusc-dominated sediment also occurs in Sylphs Hole where it occurs with fine sand
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and mud. These sediments do not appear to have formed under the same conditions as
the gastropod-dominated muds. The main shell species found is a thin-shelled bivalve
(Figure 6.14) which occurs in fine sand laminae. Algal encrustation is virtually absent.
Most of the modern and cored parts of the lagoon were heavily bioturbated, the
presence of fine laminations within Sylphs Hole and the smell of hydrogen sulphide
suggest that the environment must have been reducing and therefore too harsh for
bioturbators.

The second main sedimentary unit within Old Settlement Bay is characterised by
m e d i u m to coarse-sand with coral gravel. The coral gravel in these shallower units
appears to have undergone significant transport. All the clasts are rounded and abraded
and contain varying degrees of algal encrustation. Rhodoliths and large bivalves also
occur. The depositional environment of this unit appears to be similar to that of the
lagoon surface mentioned previously.

The patch reef adjacent to Sylphs Hole does not appear to significantly affect the
sedimentary characteristics of the adjacent sediments. Core L V 1 4 was taken from the
hole at 3 m depth and contained very little coral gravel. A few scattered clasts occur in
the upper 2.5 m and are the only reef-derived sediment found. These are associated with
relatively coarse sediment layers and imply high-energy deposition.

The transition between the embayed sediments and those dominated by the gravellym u d appears to be quite sharp. Vibrocore L V 6 (transect 6) at the seaward edge of Old
Settlement Bay contains sediments that are very similar to the northern lagoon, with a
basal coral gravel overlain by a gravelly-mud and surface gravelly-sands. The next
landward core L V 7 is sand-dominated. Given the completely different depositional
environment it is highly unlikely that these sediments grade into each other. Patch-reef
growth could provide a barrier between these cores and is especially likely given the
modern patch-reef development in the bay. The gravel components of L V 6 also indicate
that there was a local sediment source that was different from the other cores.
Branching coral constitutes only 5 0 % of the gravel fraction with the remainder being
composed of platy species. Platy corals do not tend to grow in areas of high
sedimentation (Chappell 1980), and at present are concentrated on the reef front, or
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where there is some elevation above the unconsolidated sediment. All the coral in L V 6
is broken but not well-rounded indicating that the clasts were not transported very far.
Patch-reef development between L V 6 and L V 7 could both provide the source of coral
gravel for the seaward core and a barrier isolating Old Settlement Bay from the rest of
the lagoon.

7.1.4 Reef Crest

Diamond drilling on the reef crest penetrated down to 10.5 m depth. The pre-Holocene
surface was not reached; however, based on the m a x i m u m depth in the seismic traces it
is probably around 20 - 30 m . The sediments of the reef crest differ from the lagoon
being composed of framework corals. The reef can be subdivided into two units; a
branching-coral framework that extends from 3 m to 10.5 m depth and non-branching
cemented corals that occurred from the surface to a depth of 3 m.

Branching-coral framework occupies the bulk of the reef structure. Recovery of this
unit was low, < 1 0 % , due to substantial void space. The coral clasts were composed of a
similar species to those that comprised the basal coral gravel in the lagoon. There was
little algal encrustation, with corallites being observable on all the clasts. There also
appeared to be pore-water alteration of the coral surfaces. The coral clasts were broken,
probably primarily as a consequence of drilling. There was little evidence of transport
of material. The high void space appears to coincide with open structure of coral growth
observed on the reef front. Large voids were found within the reef structure often
joining to form small tunnels 100's m m wide. This occurred from 5 to 20 m depth. The
upper part of the spur and groove zone contained more void space than coral matrix,
especially where the grooves were overgrown by coral as observed by Slater and Phipps
(1977). The exposed parts of the reef framework were colonised by coralline algae
though the growth form of the coral could not be ascertained. The modern structure
observed on the reef front suggests that the recovered corals are part of an accretionary
reef framework dominated by branching corals. This framework is extremely open and
does not appear to have undergone m u c h secondary encrustation or infill.
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In the upper 3 m of the reef crest coral branches are rare, only occurring as scattered
mobile gravel on the southernmost portion of the reef crest. Acropora palifera appears
to be the dominant species with Goniastrea tending to be more c o m m o n close to the
surface. These clasts are commonly rounded and cemented by coralline algae. Sample
recovery increased close to 6 0 % within this unit, which implies a reduced amount of
void space. The depositional environment of this unit therefore appears to be very
different form the lower branching-coral framework. T h e clasts are most likely
transported and cemented rapidly into the reef structure. The cementation is likely to
have been rapid because little bioerosion appears to have taken place with only a few
Lithophaga bivalve burrows occurring. The contact with the lower units appears to be
sharp and is often marked by an increase in algal encrustation. There is no gradation
between the species present in the two units.

In other reef environments this marked change in sedimentation and thickness of the
upper unit on Lord H o w e Island is generally not characteristic of facies associated with
reef growth close to sea level. Where the reef crest gradually approaches a stationary
sea surface there is a progressive change to algal-dominated reef-crest communities
especially on the windward side. Encrusting forms of algae and coral dominate but
these tend to produce a veneer of sediment over the growth framework (Davies and
Marshall 1980, Davies and Hopley 1983, Marshall and Davies 1984b, Collins et al.
1993a). The lack of bindstone morphology and thickness of the reef top unit on Lord
H o w e Island would suggest that this unit is not formed by a gradual growth towards the
sea surface, but related to a reef-wide sedimentary change.

7.2 Age Structure of the Lagoon and Reef
As shown in chapter 6 the radiocarbon dates within the lagoon and reef are relatively
consistent with very few age reversals occurring. It is therefore possible to interpolate
isochrons through the better dated transects. These isochron sections help to identify the
main periods of sedimentation within the lagoon and the morphology of infill. It also
means that comparisons can be readily made with the models develop in chapter 2.
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The 6000-year isochron can be interpolated at the base of transect 1, where it closely
follows the morphology of the pre-Holocene surface (Figure 7.01). The isochron occurs
close to the upper limit of the basal coral gravel unit in the centre and shoreward
lagoonal cores. At the shoreward limit of the transect, adjacent to the wharf, the
isochron approaches the surface where it occurs within a mangrove mud. This m u d was
present within the vibrocore at the wharf and exposed on the lagoon floor. A date of
6100 ± 90 years B P was obtained from w o o d near this exposure close to the wharf.
Close to the reef crest the 6000-year isochron is at a greater depth being below the
m a x i m u m penetration of the seawardmost core L V 2 . The isochron is likely to extend
under the reef crest, below the seawardmost core L H 5 . The seaward gradient of the
6000-year morphology is very similar to the shape of the topography of the preHolocene platform. This morphology is also mirrored by the 5500-year isochron. It also
closely follows the pre-Holocene surface perpendicular to the shoreline deepening
seaward. There appears to have been little sediment deposition between 6000 and 5500
years B P . This means that the earliest stage of lagoonal infill was strongly affected by
the antecedent morphology of the pre-Holocene surface.

The rate of accumulation for this 500-year period can be most unambiguously
calculated in the centre of this transect. A rate of 1.2 mm/yr is estimated for the coral
gravel at the base of L V 1 . This low rate of infill is most likely to have occurred for this
entire period of evolution between 6000 and 5500 years B P which is reflected in the
relatively close spacing of the two isochrons.
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Figure 7.01: A g e structure of transect 1 between the wharf and reef crest. Calcarenite surface seaward of
L V 5 inferred from seismic data. Note similarity between 6000-, 5500- and 5000-year isochrons and the
thick accumulation of sediment that occurred between 5500 and 5000 years BP. * = dated interval.
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The rate of sedimentation increased greatly to around 5 m m / y r during the period
between 5500 and 5000 years B P . A large volume of sediment was deposited, and
consequently the 5500 and 5000-year isochrons are widely separated. Nevertheless, the
isochron morphology in transect 1 is still similar to the pre-Holocene surface (Figure
7.01). The 5000-year isochron is within 1 m of the modern sediment surface in the
shoreward core L V 5 and L V 1 and deepens to around 5 m depth intersecting the top of
the branching coral gravel unit in L V 2 . The isochron appears to deepen further below
the reef crest where it occurs within the branching-coral framework unit. There is also a
change in sediment type within the lagoon during this 500-year period. Gravelly-mud
deposition was occurring within the shoreward cores infilling close to the modern
surface; however, at the seaward edge of the lagoon the branching-coral gravel was still
being deposited.

In transect 5, the 6000-year isochron also mirrors the morphology of the inferred preHolocene surface (Figure 7.02). It occurs within the basal branching-coral gravel unit
shoreward (LV8) and appears to deepen towards the reef crest not being encountered in
L V 9 . N o radiocarbon dates were obtained from the reef crest core L H 6 ; however, a
comparison with chronology on transect 1 implies that the 6000-year isochron lies close
to the base of this reef-crest core. The 5500-year isochron also mirrors the pre-Holocene
surface as on transect 1, with only a thin veneer of sediment deposited in this 500-year
period.

LAT-

Figure 7.02: A g e structure of transect 5 in North Bays. The 5500 and 6000-years isochron mirror the preHolocene surface (determined from seismic reflection profiling). The largest amount of sediment infill
has occurred between 5500 and 5000 years BP. * = dated interval.
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The 5000-year isochron on transect 5 is near horizontal. In the seawardmost core, an
infill rate of close to 11 m m / y r occurred which is the highest rate for the lagoon. This
rapid sedimentation was able to mask the antecedent pre-Holocene topography. A s
opposed to the interpretation on transect 1 the 5000-year isochron occurs only within
the gravelly-mud unit.

The oldest date within transect 2 is 5900 ±105 years BP on a coral from just above the
calcarenite in L H 1 2 . The upper surface of calcarenite in transect 2 appears to be nearly
horizontal. The 5500-year isochron is also near-horizontal and material older than 6000
years B P m a y not occur on this transect due to shallower depth of the calcarenite
(Figure 7.03). The basal branching-coral gravel unit was not adequately sampled in the
diamond drill core L H 1 3 and the vibrocore L V 1 3 (at the same site) recovered only the
uppermost portion of it so older sediments m a y be present deeper, but unsampled. All
the isochrons within this transect are parallel and the sedimentation pattern is very
similar to that on transects 1 and 5; the thickest sediment sequence occurs in the period
between the 5500 and 5000-year isochrons. The 5500-year isochron occurs at the base
of the gravelly-mud unit in L V 1 3 , however, its exact position within the seaward core
L H 1 2 is difficult to establish. Although no m u d was recovered from this core which
appeared to be dominated by gravelly-sand of a varying composition, similar algalencrusted clasts occur to those dated within L V 1 3 at similar depths therefore suggesting
a horizontal surface.

The 5000-year isochron occurs within 1 m of the present sediment surface, close to the
top of the gravelly-mud unit, in almost all lagoonal parts of transects 1, 2 and 5. This
depth of infill means that almost all the available accommodation space was infilled by
the mid-Holocene. The 4500- and 4000-year isochrons are therefore closely spaced
because of a lack of sediment accumulation with their morphology reflecting that of the
near horizontal 5000-year isochron. The exception to this pattern occurs at the seaward
edge of the lagoon in L V 2 on transect 1. Here over 1 m of sediment accumulation
occurred between 5000 and 4500 years B P , infilling the remaining topography which
still reflected inheritance from the antecedent surface. The gravelly-mud unit dominated
this accretion infilling at a rate of around 5 mm/yr. These sediments and their rate of

185

infill are similar to the landward older gravelly-mud unit. T h e resulting 4500-year
isochron is parallel to the present lagoon surface.

4000
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Figure 7.03: A g e structure of transect 2. The isochrons tend to mirror the antecedent surface which was
drilled by two diamond drill cores. A s on transects 1 and 5, the largest amount of sediment infill has
occurred between 5500 and 5000 years BP. * = dated interval.

The surface of the northern half of the lagoon appears to have infilled close to the
modern level by 4000 years B P . This isochron is contained within the uppermost
gravelly-sand unit which is assumed to be very close to the depth limit of modern
sediment reworking. There appears to be relatively little younger sediment within the
lagoon. T h e next period of sedimentation occurred at the reef crest. The 2000-year
isochron forms a wedge of sediment that thickens lagoonward. These sediments are
exclusively composed of the cemented coral unit of the reef top. T h e 2000-year
isochron cannot be traced into the lagoon and is best defined on transect 1 (Figure
7.01). However, other individual dates from the reef-top unit from L H 1 in North Bay
and L H 3 on transect 4b, suggest that this unit m a y be slightly older, less than 3000
years B P , but still m u c h younger than most of the lagoonal sediment. These younger
sediments have therefore either infilled depressions behind the reef or have an erosional
contact with the lagoonal sediment.

In the southern half of the lagoon on transect 3 the lagoon appears to have also infill
close to the modern surface in the mid-Holocene (Figure 7.04). The 4000-year isochron
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has a morphology similar to the modern sediment surface occurring within 1 m of it.
The oldest surface within this transect is the 4500-year isochron. The gravelly-mud unit,
which accreted at a rate of-2 - 4 m m / y r between 4000 and 4500 years B P dominate
these sediments. Although the rate of accretion is slower than for this unit in the
previous transects, it occurs during a period in which those transects in the northern
lagoon were almost completely infilled and experienced little sedimentation. This part
of the lagoon appears to have lagged at least 500 years behind the northern lagoon. A s
the Holocene thickness below this section of the lagoon is greatest then the early stages
of evolution must have infilled rapidly for the sediment surface to be close to that found
in the northern half by 4000 years B P . The 4000- and 4500-year isochrons cannot be
traced to the reef crest. Younger sediment less than 2000 years old occurs on the
boundary of the lagoonal coral and back-reef zones; this appears to be a recently infilled
lagoonal hole.

The isochron morphology within Old Settlement Bay is very different from that on the
transects described above (Figure 7.05). Only at the seaward edge of the bay, in L V 6 ,
do the isochrons have a pattern similar to that on transect 1, with initial sedimentation at
6000 years B P , and being infilled by 4500 years B P , and the bulk of sedimentation
occurring between 5000 and 5500 years B P . Further landward only the 3000-year
isochron can be continually traced through the bay. It forms a basin morphology
occurring at the top of L V 6 and L V 1 0 and at the base of L V 7 . The 4000-year isochron
is present within the landward and seawardmost vibrocores; however, it is not present in
L V 7 in the middle of the bay. This isochron therefore probably occurs at greater depth,
and has a similar morphology to the 3000-year isochron. After 3000 years B P
sedimentation was concentrated within the centre of the bay. The pre-Holocene surface
was not encountered within the cores and the seismic trace was not detailed enough to
establish the exact morphology. There does appear to be a small trough extending into
the bay towards Sylphs Hole, however the exact relation between the antecedent surface
and morphology of Holocene infill cannot be accurately determined. The rate of
sedimentation is around 1.5 - 2.0 mm/yr for the cores which is m u c h less than the rate
inferred for the gravelly-mud. This has occurred during a period when there was very
little sediment deposition on the rest of the lagoon. It would appear that this part of the
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lagoon was isolated from the main lagoon during most of the Holocene only to be
infilled once the rest of the lagoon had reached close to the modern surface.
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Figure 7.05: A g e structure of transect 6 in Old Settlement Bay. Note the basin infill morphology which is
much younger than the gravelly-mud dominated cores represented by L V 6 . * = dated interval.

7.3 Sea-Level Boundary Conditions for Lagoonal and Reef Evolution

Sea-level change is one of the most important factors in determining reefal evolution
(see chapter 2). Rises and falls in the sea surface will change the environmental
conditions on a reef as it is either stranded above the sea surface or submerged to
greater depth. Sea-level change will also affect the amount of accommodation space
that is available for a reef to infill. Reef and lagoonal cores have often proved unreliable
indicators of the exact position of the sea surface which is the case for Lord H o w e
Island. C o m m o n sea-level indicators such as microatolls, and erosion notches are also
absent from the island.

Sea-level curves have been derived for the N e w South Wales coastline. T h o m and Roy
(1985) suggested that sea level rose from around at least 60 m depth at 12000 years B P
and reached modern levels by 6500 years B P . A period of "stillstand" has occurred
since 6500 years B P which is characterised in some regions by a slightly falling trend
from an approximate 1 m highstand, while in other areas the sea-level elevation has
remained constant ( T h o m and R o y 1985). Sea level appears to also have reached
modern levels along the entire east Australian and N e w Zealand coast by 6000 years B P
(Chappell 1987, Hopley 1987). This uniformity in sea-level stabilisation on both sides
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of the Tasman Sea means that it is most likely that sea level also reached its present
level by around 6000 years B P on Lord H o w e Island. This would imply that reefal
sedimentation occurred on the shallowly submerged parts of the pre-Holocene surface
once the sea level stabilised, rather than with initial flooding.

Sea level after 6000 years BP appears to have been elevated above modern levels.
Fringing-reef growth in parts of the northern Great Barrier Reef has been influenced by
a sea-level fall (Chappell et al. 1983). Mangrove deposits of northern Queensland,
Australia, also appear to show an elevated Holocene sea level (Chappell 1983). O n
other parts of the east Australian coast an elevated mid-Holocene sea level has been
recorded (e.g. Hopley 1987, Flood and Frankel 1989, Bryant et al. 1992, Beaman et al.
1994), the height of which appears to decrease in a northerly direction (Bryant 1992).
Differential response to lithospheric loading along the continental shelf has been
proposed as one process that m a y result in a relative sea-level rise (Lambeck and
Nakada 1990). This process is caused by hydroisostatic loading of the continental shelf
which causes local subsidence. The shelf which has a greater loading than the land,
related to the newly elevated sea level, subsides at a greater rate causing a relative sealevelrise(Lambeck and Nakada 1990). A similar process is also inferred to occur on
oceanic islands (Nakada 1986, Lambeck and Nakada 1990) although islands of less
than 10 k m diameter would be too small for this process to occur (Nakada 1986). The
platform on which Lord H o w e Island sits is 9 - 34 k m wide (Slater and Phipps 1977)
and is therefore just large enough for this process to occur.

The only sea-level study conducted on Lord Howe Island has been that of Woodroffe et
al. (1995) w h o found evidence for higher Holocene and Late Pleistocene sea levels.
Beach units of Last Interglacial age are elevated 2 - 4 m above present which suggests
that the platform has remained relatively stable. A n age of 6100 ± 90 years B P collected
from near the jetty in approximately 2 m of water (Woodroffe et al. 1995) suggests that
sea level attained at least present levels around a similar time as hypothesised for
eastern Australia. Elevated planation platforms are found along the edge of the lagoon
in the calcarenite at Signal Point and basalt in North Bay. Raised boulders at the
northern edge of the reef in North Bay and these erosion surfaces were used to infer a
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sea-level elevation of approximately 1.5 m higher than present at least around 3000
years B P (Woodroffe et al. 1995).

The sea-level history on Lord Howe Island can be viewed as similar to the east
Australian coast. It is therefore most likely that sea level attained its present level
between 6000 and 6500 years B P . At 3000 years B P the sea-level appears to have been
elevated by 1.5 m above its present level.

7.4 Evolutionary Model for the Holocene Reef and Lagoon
In chapter 2, six models of fringing-reef evolution were proposed based on the
literature. The observed sedimentary change within the reef and lagoon, the studies in
age structure, and assumed sea-level on Lord H o w e Island can be used to infer an
evolutionary pattern which can be compared to models established in chapter 2. Using
the broad sea-level envelope for eastern Australia, sea level is inferred to have been
close to its present position at 6000 years BP. The antecedent surface would have been
flooded by 8000 years B P in the deeper southern half of the lagoon and by 7000 years
B P in the northern part of the lagoon. It is likely that sea level was elevated by
approximately 1 m after 6000 years BP.

Carbonate sedimentation, in the northern half of the lagoon, appears to have been
delayed by around 1000 years after sea-level flooding. A similar delay in sedimentation
has been described on mid-Pacific high islands (Montaggioni 1988) and the Great
Barrier Reef (Hopley 1982), and it is therefore likely that a similar pattern occurred in
the southern part of Lord H o w e Island lagoon. A s sedimentation appears to have begun
after sea-level stabilisation the reef and lagoon therefore developed in catch-up m o d e
growing towards a relatively stationary sea surface. This means that there was little
potential to develop the shore-attached seaward-prograding reefs such that occur on
Fantome Island, (Johnson and Risk 1987), and Orpheus Island (Hopley and Barnes
1985) on the Great Barrier Reef and Phuket, Thailand (Tudhope and Scoffin 1994,
Scoffin and L e Tisser 1998).
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This earliest phase of sedimentation occurred in an open-water oceanic environment
(Figure 7.06). Widespread coral growth occurred across the calcarenite platform, with
clasts being broken and deposited as a branching-coral gravel. In the deeper southern
half of the lagoon, coral growth appears to have been concentrated in patch reefs, which
were established on the pre-Holocene surface. Mangroves also occurred along the
margins of the coast at Signal Point and within Old Settlement Bay. The morphology of
sedimentation during this initial phase generally reflects the antecedent topography.

While the reef surface remained significantly below the sea surface there would have
been an increased potential for erosion along the proto-lagoonal shoreline, m u c h like
the Holocene high-energy window on the Great Barrier Reef (Hopley 1984). It is during
this period that ocean wave energy would have impinged on the rocky outcrops within
the lagoon and m a y have eroded the raised platforms described by Woodroffe et al.
(1995) in North Bay and at Signal Point.

The second phase of evolution occurred by 5000 years BP where growth of the seaward
reef crest decreased the lagoonal energy environment (Figure 7.06). Sedimentation
during this time is characterised by a change from the high-energy gravels to a lowerenergy gravelly-mud. Reef crest of this age was not positively identified in this study,
while the dated part of crest, at 5300 years, appeared to be below the infilled level of
the gravelly-mud. Reef crest of around 5000 years B P , however, must have been at a
level equal to that of the shoreward m u d d y sediments, otherwise open-ocean wave
energy could directly erode them. The basal gravel layer, observed in transect 1,
partially protects m u d d y sediments of a similar age, however, its uppermost limit at
5000 years B P is still below the m a x i m u m level of the shoreward gravelly-muds,
meaning that a barrier must have existed further seaward.

Drilling within the reef crest proved extremely difficult due to high wave energy which
restricted sampling to the lagoonward side of the cemented boulder zone, and high void
space which meant that there was poor sample recovery. It is therefore likely that the
5000-year reef crest is present further seaward but unsampled
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This material most probably formed as an in situ accumulation of branching coral being
subsequently infilled with sand and some mud, the sand later breaking d o w n through a
process of micritization into mud-size material. Little transport is apparent within this
unit which is seen in the lack of roundness of the clasts. There appears to have been an
increase in the lagoonal energy towards the open ocean with the branching-coral gravel
still being deposited close to the present reef crest in transect 1. At the seawardmost part
of transect 2 there also appears to be high-energy sediments with L H 1 2 containing a
branching-coral framework overlain by a branching-coral gravel, while the lagoonward
core contained gravelly-mud unit. The change from framework to gravel to lagoonal
sands in the seaward core indicates a changing depositional environment related to
either a seaward change in the focus of reef-crest growth or that the seaward developing
reef crest progressively m a d e the lagoonal environmental conditions less hospitable for
reef development.

During this period of evolution the northern half of the lagoon infilled close to the
modern surface by 5000 years B P . This would have occurred as the reef crest was
catching-up meaning that sediment remained in situ on the reef and could not be
transported into the lagoon. Lagoonal sedimentation could not therefore be dependent
on sediment transfer from the reef crest as in the Great Barrier Reef and Cocos
(Keeling) Islands. The rate of accumulation is rapid with the majority of the sediments
being deposited within a 500-year period at a rate of close to 5 mm/yr. This rate of infill
was m u c h greater for isolated periods being up to 11 mm/yr in North Bay between 5500
and 5000 years B P . These rates are amongst the highest recorded for lagoonal infill.
The high sedimentation rate is most probably related to the in situ character of
deposition. Widespread coral growth would have been able to maintain a rapid
accumulation rate while the infilling of the matrix with sand and some m u d would have
reinforced the coral colonies. While this is often the main mechanism for reef growth
rather than lagoonal infill the less favourable embayed lagoonal conditions caused by
the seaward crest growth would have meant that reef framework could not develop
across the entire pre-Holocene surface. The sedimentary environment could therefore
viewed as suitable for rapid coral growth like the reef crest but unsuitable for
framework development.
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Infill of the gravelly-mud unit in the southern half of the lagoon appears to have lagged
slightly behind the northern half (Figure 7.06). Sedimentation of this unit was still
continuing between 4000 and 4500 years although at a slower rate of around 3 mm/yr.
Even though the lagoon surface lagged the northern half by around 500 years it was still
infilled close to modern levels by 4000 years B P , a stage of evolution which still has
not occurred in the majority of lagoons described from elsewhere. A s the pre-Holocene
surface in this part of the lagoon is m u c h deeper the rate of infill before 4500 years B P
must have been high to fill the available accommodation space. Patch-reef growth
appears to have played an important role in the sedimentation in this part of the lagoon.
Gravels sourced off these reefs contributed to the gravelly-mud sediment. The
concentration of growth appears to have restricted sedimentation between these reefs
which allowed for the development of constructional lagoonal holes and channels,
m u c h like the constructional Holocene blue-hole morphology of the Houtman Abrolhos
Islands in Western Australia (Collins et al. 1993a, b, Z h u et al. 1995). In those areas
behind the patch reefs and away from the sediment-free passages, sedimentary infill
like the northern half of the lagoon appears to have occurred. The delayed infill of this
part of the lagoon is most probably related to the greater accommodation space,
possibly combined with a concentration of growth within the patch reefs. The pattern of
lagoonal infill in this part of the lagoon appears to have a greater similarity to that of
platform reefs, however the infill rates are m u c h higher and the sediments older

Sedimentation within the lagoon lessened significantly after 5000 years BP with very
little sediment being deposited over the gravelly-muds after 4000 years B P . The final
stage of evolution on Lord H o w e Island occurs after 3000 years B P , when the lagoon
again experienced high-energy conditions, as the reef and lagoon surface had infilled to
wave base. Gravelly-sand began to be transported across the surface but as the lagoon
had almost completely infilled it meant that sediment could be transported across the
entire surface and deposited on the coast. The coastal plain appears to have prograded
seaward during this time. Old Settlement Bay, which had been isolated from the main
lagoon and was slowly infilling with low-energy molluscan muds, began to be infilled
by this sandy material. A similar embayed environment appears to have occurred on the
northern side of the coastal plain at the airport. This sand deposition infilled the
lagoonal holes which were infilling slowly prior to 3000 years B P . Sylphs and Comets
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Hole appear to be the final remains of these features and are at present being actively
infilled. The rate of sedimentation is reduced within this unit to between 2 and 3 mm/yr.
This rate is comparable to sand sheet infill rates on Davies (Tudhope 1989) and One
Tree Island (Marshall and Davies 1982) lagoons. This period of sand deposition also
most likely smothered almost all the developing patch reefs in the southern part of the
lagoon, Comets Hole reef being the only one that could maintain an accreting surface
above the infilling sediment.

The sandy infill of the lagoonal holes also corresponds with a major change in the reef
crest. A rounded non-branching cemented coral matrix replaced the branching-coral
framework, which had dominated for most of the lagoon's evolution. These sediments
are up to 3 m thick and have prograded into the lagoon as long tongues in thickening
wedges and intersect the older semi-horizontal lagoonal 4000- and 4500-year isochrons.
This unit does not appear to be active except for minor additions on its lagoonward side.
A major change in the reef environment must have occurred which was unfavourable
for branching-coral growth, caused increased reworking and favoured algal growth
which encrusted these newly transported clasts. There is also a corresponding change in
the lagoonal gravel with clasts being broken and rounded with increased algal
encrustation. Rhodoliths also become c o m m o n . While this m a y be representative of
prolonged exposure at the surface, the sudden change in sedimentology would suggest
that there has been a change in the sediment source.

There appears to be a hiatus in sedimentation at around 3000 years BP between the
deposition of the reef-top rubble and lagoonal gravelly-sand. The youngest dates within
the lagoon are around 3900 years B P in the surface gravelly-sand unit, while the oldest
date of the reef-top surface gravel is close to 2900 years BP. In the entire sequence of
Holocene sediments dated no samples occur between 3100 and 3900 years BP. This
apparent lack of sedimentation is significant as it defines the boundary between the
gravelly-mud deposition in the lagoon and branching coral framework in the reef, and
the younger surface gravelly-sands and reef-top rubble. The lack of sediment within this
period means that either sedimentation temporarily ceased or the material was eroded
out of the reef. Elevated boulders in North Bay date at around 3000 years B P but not
younger. A s the reef crest and lagoon had infilled to at least modern levels by 4000
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years B P a reduction in sea level would cause major reworking even if the reef had not
grown any higher than at that time. Given the very high rate of sedimentation during
this period it is most likely that the reef crest was higher. A gradual reduction in sea
level from the mid-Holocene high would provide a mechanism for this reworking.
Material during this period of sea-level fall therefore appears to have been reworked out
of the reef or buried within the coastal plain and deep parts of the lagoon that were
infilling very slowly for most of the Holocene.

The overall pattern of reef and lagoon development does not appear to be similar to the
models developed in chapter 2 for fringing-reef evolution elsewhere. The earliest phase
of infill w h e n sedimentation veneered the antecedent platform in very similar to most
fringing reefs initiated away from the shoreline. The reef, however, grew in catch-up
mode, but unlike other catch-up reefs such as H a n a u m a Bay, Hawaii (Easton and Olson
1976), and Kakai Is., Ryukyu Islands (Konishi et al. 1983 in Kayanne 1992, Webster et
al. 1998) the surface infilled close to sea level in around 2000 years BP. Reefs that were
able to rapidly infill to sea-level such as Okierabu Is., Ryukyu Islands (Kan et al. 1995),
or K u m e Is., Ryukyu Islands (Takakashi et al. 1988, K a n et al. 1991) tend to be
dominated by reef framework, unlike Lord H o w e Island where lagoonal sedimentation
was the primary infilling matrix.

The development of the lagoonal sediments appears to have been related to the seaward
growth of the reef crest which provided partial protection allowing for fine m u d
deposition. O n Minna Island (Kan et al. 1995) and K u m e Island (Takashi et al. 1988,
K a n et al. 1991), both in the Ryukyu Islands, high growth rates were recorded that
allowed for some lagoonal development. This was termed the dam-up stage (Kan and
Hori 1993). O n K u m e Island the lagoon was only a few metres deep and rapidly infilled
with reef-derived debris, while on Minna Island the lagoon is currently being infilled by
lateral reef-flat expansion. The lagoon on Lord H o w e Island infilled quite differently
with the sediment surface lagging only slightly behind the reef crest. The pattern of
infill being similar to those reefs dominated by coral framework.

Lagoonal infill elsewhere, after it has been embayed by the growing reef, tends to be a
slow process related primarily to sediment transfer from the reef crest once it has
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reached sea level. The main source of in situ sediments are infaunal molluscs and patch
reefs. In Great Barrier Reef platform reef lagoons gravelly-mud dominates the lowenergy period of infill. This sediment tends to date around 4000 - 2000 years B P and
accretes at a rate of between 1 - 2 mm/yr (Davies and Marshall 1982, Tudhope 1989,
Smith et al. 1995, 1996). O n the Cocos (Keeling) Islands in the Indian Ocean a
gravelly-mud unit also occurs younger than 3500 years B P which accreted at a rate of
0.3 mm/yr (Smithers et al. 1992). The timing of infill therefore relates to when the reef
crest reached sea level and the reef flat began to prograde in a leeward direction. The
rate of infill of the lagoon on these reefs is around a quarter that of the surrounding reef
crest (Marshall and Davies 1982, Davies 1983, Woodroffe et al. 1990a, b, M c L e a n and
Woodroffe 1994). Infill in these reefs is generally controlled by the morphology of the
antecedent surface with reef growth tending exaggerate it. This is in contrast to Lord
H o w e Island where the rate of infill for the majority of the lagoon was high, around 5
mm/yr, and was able to mask the pre-existing morphology. Therefore, unlike the Great
Barrier Reef lagoons, isochrons do not dip towards the reef crest being either parallel to
the antecedent surface during the earliest stage of infill, the modern surface once the
reef has caught up.

The final stages of reef evolution usually involve lateral sedimentation at or close to
level. M a n y reefs begin to prograde seaward as an accreting framework while the backreef/lagoon is rapidly infilled by leeward reef-flat development and progradation of
sand sheets. O n Elizabeth Reef to the north of Lord H o w e Island in the Tasman Sea the
seaward edge of the reef appears to be actively eroding, with the sediment being
transported into the lagoon as a sand sheet (Schofield et al. 1983). This period of
development is characterised by slow vertical sedimentation rates and a dominance of
high-energy sand and gravel sediments.

This is probably the period of evolution where Lord Howe Island is most similar to
other reefs. Gravelly-sand moved across the lagoon infilling any remaining topography.
Major reworking on the reef crest also appears to have occurred with the deposition of
the cemented-coral boulder zone. These boulders can be observed to infill some of the
remained back-reef lagoon holes. The presence of the 5-m terrace on the reef front,
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which is similar to the eroding Elizabeth Reef (Schofield et al. 1981, C. Phipps pers.
comm.), m a y suggest that erosion is also occurring on Lord H o w e Island.

The reef and lagoon on Lord Howe Island has not developed in a similar pattern to that
established elsewhere worldwide (Figure 7.07). The morphology of infill appears to
have growth characteristics of reef framework but the sedimentary characteristics of
lagoonal sediments. Sedimentation appears to have been very luxuriant with growth
rates equivalent to or in some cases higher than recorded for low-latitude reefs. Patchreef growth in the southern half of the lagoon, and the development constructional bluehole morphology, m u c h of which has n o w been infilled, is very similar to the luxuriant
reef growth of the Houtman Abrolhos Islands in Western Australia (Collins et al.
1993a, b, Z h u et al. 1995). It would therefore appear that reef growth at the
environmental limits of tolerance is very luxuriant. The m a x i m u m period of growth
within the reef occurred in the mid-Holocene until 4000 years B P . After this time
sedimentation within the lagoon has significantly slowed and the reef crest does no
longer appear to be accreting, and m a y be slowly eroding.

Figure 7.07: Generalised isochron model of infill for the reef and lagoon on Lord H o w e Island. The
morphology of lagoonal infill and growth of the landward side of the reef crest are well understood,
however, the seaward portion of the reef crest and reef front are more tentative.
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7.5 Conclusions

Over 30 m of carbonate reef and lagoonal sediments have been deposited during the
Holocene along the western shoreline of Lord H o w e Island, which is at or very close to
the latitudinal limits of reef growth. The intertidal reef morphology is similar to lowlatitude reefs containing a well-defined reef crest, algal pavement and rubble zone
which is dominated by brown turf and coralline algae. O n Lord H o w e Island the algae
does not, however, form pronounced algal ridges and generally mantles lithified
rounded gravels that are elevated to just below high tide level. The reef front corals are
dominated by platy and encrusting forms which contrast to low-latitude reefs where
massive and branching forms often dominate.

Coral growth on the modern lagoon surface occurs as patch reefs or scattered columnar
and branching colonies. The rate of growth of these corals is significantly lower than
for low-latitude sites. For example Pocillopora damicornis has a growth rate of 50 8 0 % of published values for tropical sites (Harriott 1997). The lagoonal sediments
contain similar constituents to tropical reefs such as coralline algae, coral, and molluscs,
although Halimeda

is absent. The proportions of these constituents are, however,

different. Coralline algae is the dominant grain type with a high proportion of micritic
grains while the coral composition is minor. Rhodoliths are c o m m o n on the lagoon
surface. This assemblage is more typical of a subtropical shelf setting (Carannante et al.
1988, Marshall et al. 1998). Evidence of bioturbation such as burrows, which are a
c o m m o n occurrence in low-latitude lagoons, are absent from the Lord H o w e Island
lagoon.

Subsurface investigations of the lagoon and reef using vibrocoring, seismic reflection
profiling and diamond drilling show there is a sedimentary change with depth
indicating a change in the environment of deposition during infill. The surface
cemented gravels on the reef extend to 3 m depth at which depth they are replaced by a
branching-coral framework with a very high void space. Branching-coral clasts are
generally absent from the upper part of the reef. The deeper framework unit is more
characteristic of reefs of the southern Great Barrier Reef, however, in those reefs gravel
rather than void space is more volumetrically important (Davies et al. 1985). The
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subsurface lagoonal sediments are dominated by coralline algae, however, their
composition decreases with depth. Rhodoliths are generally absent in the subsurface
where the gravel fraction is dominated by branching-coral clasts. The environment of
deposition therefore appears to have been different during the early stages of lagoonal
infill on Lord H o w e Island.

The antecedent surface in the lagoon would have been submerged by the Post Glacial
Marine Trangression around 8000 years B P in the southern half of the lagoon and 7000
years B P in the shallower northern half of the lagoon. Lagoonal sedimentation had
initiated by at least 6500 years B P in the northern half of the lagoon at approximately 5
m depth. The lagoon and reef crest then subsequently infilled/grew in catch-up m o d e
infilling almost all the available accommodation space by 4000 years BP. The early
phases of reef and lagoonal development were characterised by widespread coral
growth across the antecedent Late Pleistocene calcarenites. Reef growth after 5500
years B P concentrated on the seaward edge of the calcarenites with unconsolidated
sediments dominating the lagoon. The first 1000 years of infill developed in a similar
pattern to keep/catch-up fringing reefs elsewhere such as H a n a u m a Bay (Easton and
Olson 1976), Galeta Point (Macintyre and Glynn 1976), and the Ryukyu Islands
(Takahashi et al. 1988). Sedimentation after 5500 years B P was, however, different to
that observed on those reefs, with rapid infill of the lagoon by autochthonous
branching-coral gravel and m u d , and branching-coral framework growth in the reef
crest. The main phase of infill within the lagoon occurred between 5500 and 5000 years
B P with an accumulation rate of up to 10 mm/yr (average 5 mm/yr). This infill rate is
up to five times that of most platform reef lagoons and comparable with low-latitude
fringing reef growth rates. The high growth rate is similar to framework accretion rates
calculated for the high-latitude Houtman Abrolhos reefs in Western Australia where up
to 40 m of Holocene reefal carbonates have been deposited (Collins et al. 1993). Coral
growth rates on the Houtman Abrolhos are, however, different to Lord H o w e Island,
being comparable to low-latitude reefs, although at the lower end of the range of growth
rates for the same or similar species. High-latitude reefs would therefore appear to have
accretion rates comparable to low-latitude reefs.
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This period of rapid reef and lagoonal development occurred during a time when
warmer sea surface temperatures have been inferred for the Great Barrier Reef and
southwest Pacific (Gagan et al. 1998). Sea level also appears to have been elevated by
approximately 1 m during this time throughout m u c h of the Pacific (Pirazzoli 1991,
Grossman et al. 1998), as well as on Lord H o w e Island (Woodroffe et al. 1995). It
would therefore appear that the rapid infill could be related to a more favourable
environment for coral growth, especially as current coral growth rates are below their
low-latitude counterparts, and therefore in a less favourable growth environment. The
compositional change in the late-Holocene lagoonal sediments m a y be related to a fall
in temperature from the mid-Holocene high if that could be shown to have occurred on
Lord H o w e Island.

Little sedimentation appears to have occurred during the transition between the
luxuriant growth of the mid-Holocene and the relatively cooler late Holocene with an
apparent hiatus in sedimentation occurring between 4000 and 3000 years BP. The rate
of sedimentation after 3000 years B P slowed significantly in the lagoon. Infill during
this period is generally confined to blue holes within the lagoon as well as progradation
of the coastal plain. Reef sedimentology during this period switched from the
branching-coral framework to the cemented rounded coral boulders. O n Elizabeth Reef,
200 k m to the north of Lord H o w e Island, there is also a paucity of sediment younger
than 4000 years B P which Schofield et al. (1983) attributed to erosion related to sealevel fall. Gradual sea-level fall m a y also have been an important factor affecting late
Holocene sedimentation on Lord H o w e Island. It is, however, also possible that sea
surface cooling could have affected the sedimentation on the reef and lagoon, as
observed in the decrease in the abundance of branching-corals and increase in the
abundance of rhodoliths.

The implication of the reef and lagoonal evolution on Lord Howe Island is twofold.
Firstly lagoonal sedimentation during the mid-Holocene was rapid. This rate is as fast
as tropical reefs and greater than that calculated for m a n y platform reefal lagoons.
Reefal carbonate sedimentation close to latitudinal limits of growth does not therefore
appear reduced. Secondly, modern sedimentation is not as rapid as the mid-Holocene.
This m a y be related to a decrease in sea surface temperatures, and a slight fall in sea
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level. Infill of the majority of accommodation space during the mid-Holocene would
have reduced the potential for rapid sedimentation. However, the reduced coral growth
rates recorded within the contemporary lagoon suggest that high rates infill m a y not be
attainable today. It therefore appears that modern reef and lagoon morphology on Lord
H o w e Island relates to a period of rapid growth during the mid-Holocene.
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APPENDIX I
LABORATORY PROCEDURE
FOR SEDIMENT SIZE ANALYSIS
The following outlines the laboratory procedure used to determine the grain size
character of the surface and subsurface sediment. All grain sizes were classified
according to the Wentworth Classification (Leeder 1982) and quoted in microns with
the nearest phi equivalent.

(1) All samples were soaked for at least 12 hrs in distilled water to remove salt which
causes grain flocculation on sediment drying. After soaking the water was decanted off
the samples. In samples with a high m u d content, sediment were left standing for 24 hrs
which allowed the suspended material to settle out of the water.

(2) Samples were then oven dried at approximately 70°C for 24 hrs and weighed on an
electronic balance .

(3) All the Vibrocore samples and some of the surface samples which contained fine
m u d material as noted during the initial soaking, after weighing were again soaked for
24 hrs in distilled water for wet sieving.
(a) After soaking the sample was then washed in a 63 urn (4.0 0) sieve using tap
water, gently agitated by hand. Grain flocculation, related to the drying
process, was noted to occur in the first few samples analysed. Samples were
then soaked in a 5 % sodium hexametaphosphate solution rather than
distilled water which acted as a very effective dispersing agent.
(b) The m u d fraction was assumed to by completely removed when the washing
water was clear after passing through the sieve.
(c) T h e sample was then oven dried for 2 4 hrs at 70°C and weighed on an
electronic balance. The difference in weight before and after the sieving was
calculated as the percentage of m u d present.
(d) The remaining sediment was then dry sieved.
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(4) Those samples not wet sieved were split using a riffle box splitter to between 70 and
100 g m s for dry sieving, while the entire dried sample left over from the wet sieving
was used for dry sieving.

(5) Dry sieving was conducted using a nest of 13 Australian Standard sieves graded at
0.5 phi intervals. Apertures of the sieves used were as follows (in \xm with nearest 0
equivalent): 4000 (-2.00), 2800 (-1.50), 2000 (-1.0 0), 1400 (-0.5 0), 1000 (0.0 0), 710
(0.5 0), 500 (1.0 0), 355 (1.5 0), 250 (2.0 0), 180 (2.5 0), 125 (3.0 0), 90 (3.5 0), 63 (4.0
0). A retaining pan was placed beneath the nest of sieves, the dry weighed sample was
poured onto the largest sieve and a lid placed on top. The sieves were then shaken for
10 minutes on an Endecotts Test Sieve Shaker.

(6) After completion of sieving, the material on each sieve and in the retaining pan
collected for weighing on an electronic balance. The proportion of the sample passing
through the 63 urn sieve and collected in the retaining pan provided the m u d size
fraction for those samples not wet sieved. In the wet sieved samples the weight
collected in the pan was added to the total m u d weight calculated previously.
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A P P E N D I X II
Gravel Composition of Thin Sectioned Surface Sediments (%)
Listed from Highest to Lowest Composition
Coralline
Sample No. Gravel Echinoid Shell
Crustation Coral
Algae
79
present
5-10
116
80
10-15
20
present
30
40
present
30
129
20
present
10
15-20
75
present
122
19
5
10
60
15
140
18
1
30-40
40-50
5-10
107
present
18
present
10
50-60
present
30
26
13
present
20
40
10
2
12
present
10
35
50
present
15
12
absent
10-15
40-50
30-40
24
12
10-15
15-20
5-10
30-40
131
present
11
present
10
50
10
4
9
5-10
80
5
present
124
8
present
10-15
65
present
20
105
20-30
8
absent
5
50-60
22
111
7
present
65
30 - 40
5-10
75
10
7
present
10
102
present
20
6
absent
5-10
80
103
present
5-10
80
5-10
absent
6
114
10-15
5-10
75-80
present
6
120
present
10
75
absent
10
6
20
15
60-70
absent
20
6
106
15-20
10
60
absent
5
49
25
70
absent
0-5
5
119
5
5-10
80
present
5
121
present
5
90
5-10
absent
4
115
70-80
present
5
present
4
126
present
20
60
10-15
absent
4
108
absent
15
60
20
absent
3
141
present
35
50
10
present
3
101
absent
5
50
30
absent
3
17
present
20
70
15
absent
3
113
5-10
absent
30
50
present
2
117
40
absent
50
5-10
absent
2
8
40
5
40
30
absent
2
104
present
20
25
30
present
1
125
absent
yes
absent
yes
absent
1
109
<1
7
<1
41

Marginopora
Foraminifera
present
present
present
present
present

1
present
present
present
present
present
present
absent
absent
present
absent
absent
present
present
-

APPENDIX III
Clustering History for All Sand Size Component Data
Number of Clusters l_

37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

Distance
17.4356
18.2209
18.4932
23.1948
24.2487
24.8596
24.8998
29.3939
29.9333
33.2566
34.6554
36.6697
36.8511
38.2623
38.6005
39.3531
42.9690
44.0681
44.1210
47.3638
48.6694
55.1060
59.9377
61.3732
65.2993
65.6074
72.6269
76.2445
82.5490
89.6296
96.0750
97.4650
101.8116
131.6819
164.9530
245.4892
322.0837

Leader
S007
S108
S101
S004
S022
S113
S007
S020

son
S024
S022
S049
S002
S115
S105
S101
S049
S015
S115
S024
S007
S105

son
S008
S002
S004
S024
S007
S105
S004
S002
S007
S024
S002
S002
S002
S002

Joiner
S120
S119
S106
S109
S121
S114
S124
S103
S104
S026
S108
S113
S102
S116
S122
S129
S125
Sill
S140
S141
S022
S107
S101
S020
S015
S049
S117
S008
S131
S017
S041
S115
S126
S007
S105
S024
S004
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APPENDIX III cont.
Clustering history for coral, micritized algae and partially recrystallised grains.
Numbers of
Clusters

Distance

Leader

Joiner

37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

6.1644
9.5394
10.6301
12.2474
12.4097
13.7477
14.1421
16.6833
17.7200
18.7083
18.9868
19.4465
21.0238
21.6795
24.7925
24.8938
25.1794
25.1794
25.5473
27.4773
29.9388
31.1769
34.0941
34.8807
36.1525
47.3001
48.1144
59.3942
63.4878
67.1024
72.7942
76.3647
84.4798
97.9519
138.4799
234.1272
329.1501

S108
S020
S007
S120
S113
S101
S002
S020
S004
S102
S007
S020
S024
S117
S002
S007
Sill
S008
S113
S017
S049
S116
S002
S008

S119
S041
S121
S124
S114
S106
S105
S022
S109
S108
S120
S103
S026
S141
S129
S015
S115
S122
S125
S104
S113
S140
S020
S107
S101
S102
S116
S049
Sill
S017
S117
S008
S131
S126
S007
S004
S024

son
S007
S024
S004
S007
S004
S024
S002
S002
S024
S002
S002
S002

234

Appendix IV:
Sample Location ( U T M Coordinates) and Grain Size Statistics (0)
for all surface sediment samples
Sample No.
1
2
3
4
5
6
7
8
9
11
12
13
14
15
16
17
18
19
20
21
22
24
25
26
33
34
36
38
39
41
42
44
45
47
49
51
53
54
55
56
57
58
59
101
102
103

mN
6512873
6512775
6512655
6512437
6512554
6512297
6512165
6512076
6511753
6511190
6511025
6510911
6511009
6510528
6510478
6512310
6512392
6512614
6512728
6510687
6511231
6511975
6511823
6511646
6509968
6510139
6508975
6508373
6508354
6508475
6508604
6509149
6509437
6508354
6512244
6508766
6509899
6510057
6510307
6510595
6511867
6511411
6511022
6511323
6511472
6511604

mE
6504222
6504041
6503984
6505285
6505120
6504940
6505025
6505373
6505560
6506095
6505699
6505791
6505449
6506155
6506722
6504608
6504478
6504269
6504155
6506437
6505430
6505272
6505209
6505133
6506826
6506905
6506532
6506608
6506785
6507035
6506873
6506706
6506737
6506785
6505152
6507006
6507032
6507117
6506953
6506747
6505759
6506070
6506348
6505491
6505665
6505851

Mean
0.59
0.26
0.67
1.26
2.11
1.74
1.24
0.73
-0.09
0.84
0.94
-0.48
1.21
0.55
1.01
1.27
0.67
0.88
0.58
1.31
0.78
-0.06
0.98
-0.09
1.20
0.80
-0.04
1.13
0.68
1.31
0.87
-0.47
0.06
0.48
1.30
0.39
0.20
1.92
0.42
0.73
1.28
1.28
0.43
1.34
1.00
0.99

Standard Deviation

Skewness

1.28
1.12
1.11
1.68
1.55
1.08
1.11
1.06
0.83
1.17
1.27
3.05
1.05
1.39
1.66
0.97
0.64
1.17
1.26
1.36
1.29
0.84
1.17
1.00
1.35
1.28
0.92
0.49
0.62
0.50
0.78
0.49
0.87
1.13
1.48
0.45
1.58
1.12
0.49
0.81
0.93
0.67
0.45
0.94
1.30
1.28

-0.29
-0.05
-0.17
-0.53
-0.13
-0.21
0.00
-0.01
0.12
-0.22
-0.26
-0.10
-0.19
0.07
-0.20
-0.16
0.03
-0.16
0.12
-0.22
-0.04
0.02
-0.03
-0.13
-0.13
0.22
0.29
-0.09
0.00
-0.05
-0.43
-0.06
0.15
-0.19
-0.15
-0.19
-0.28
-0.43
0.33
0.34
-0.05
-0.08
0.05
-0.16
-0.29
-0.15

Appendix IV Cont.
Sample No.

mN

mE

Mean

Standard Deviation

Skewness

104
105
106
107
108
109
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
129
131
135
136
140
141

6511680
6512595
6512589
6512006
6512101
6512222
6512222
6511601
6511000
6510949
6510741
6510617
6510557
6510348
6510079
6509987
6509953
6510038
6509772
6509722
6510427
6510453
6509380
6509421
6509592
6509568
6509070
6511949

6505943
6504402
6504427
6504661
6504854
6505108
6505108
6505146
6506180
6506111
6505839
6505623
6505468
6506259
6506734
6506440
6506003
6505820
6506063
6506323
6506177
6506104
6505937
6505918
6505255
6505223
6506576
6505797

1.84
0.61
0.90
-0.17
0.95
2.73
1.23
1.11
1.51
1.08
0.01
-2.16
0.01
0.44
1.00
0.32
0.87
-0.24
0.81
0.55
2.67
-0.21
0.57
0.13
1.07
-0.78
-0.29
0.02

0.76
1.25
1.32
0.99
1.32
0.60
1.58
1.54
1.29
1.38
0.74
1.62
0.38
0.67
1.37
0.85
1.36
0.94
1.46
1.48
0.58
0.63
1.78
1.06
0.45
1.15
0.84
0.43

-0.22
0.01
0.03
-0.27
0.08
-0.13
-0.08
0.01
-0.24
-0.36
0.20
0.05
-0.23
0.10
0.09
0.11
0.20
0.10
-0.47
0.24
-0.17
0.40
-0.63
0.16
-0.04
-0.11
0.12
-0.14
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Appendix VI
% Composition of the Sand-Size Surface Sediment

Sample
Number

Micritized
Coralline
Algae

Partially
Recrystallized
Grains

CO

s

2
3
7
8
15
17
20
22
24
26
41
49
101
102
103
104
105
106
107
108
109
111
113
114
115
116
117
119
120
121
122
124
125
126
129
131
140
141

32
25
39
34
39
23
29
34
47
51
31
32
23
33
28
18
28
24
29
36
25
46
28
27
45
46
49
34
41
35
27
40
23
64
25
22
41
47

19
36
17
11
21
33
21
17
4
4
19
31
29
22
19
32
16
26
5
23
39
23
26
28
18
12
1
23
16
19
13
19
31
6
20
17
12
2

17
10
15
21
18
13
11
12
18
17
10
11
12
10
16
15
13
11
13
11
9
11
16
13
13
11
11
13
14
12
10
11
14
9
12
9
11
15

CO

Micritic
Grains

t+H

11
17
15
21
6
14
25
19
17
12
9
18
13
12
23
15
16
15
24
18
15
10
14
18
21
18
22
15
16
21
21
17
23
12
16
14
22
10

_a
13
O

U
12
4
6
5
9
8
8
7
7
7
8
2
10
10
6
11
12
8
11
5
1
5
6
4
1
3
17
6
6
7
8
7
2
7
11
22
9
13

PH

2
1
3
1
2
2
2
3
2
5
1
2
5
4
3
3
8
6
14
4
2
2
3
1
1
4
1
3
4
5
12
2
1
0
5
12
2
10

Non
Carbonate

s-

6
5
2
2
1
5
1
2
0
0
21
1
7
7
2
5
2
6
0
2
3
2
3
5
0
1
0
2
1
1
1
2
5
0
10
2
2
0

T3
•i-H

O
C
CJ

W

1
1
2
2
2
1
1
4
2
2
1
1
2
1
1
2
4
2
3
1
4
1
3
2
0
5
0
2
1
1
6
1
2
1
1
3
1
2

o
N
O

3
O
<D
C
1J

o
CO

1
1
2
1
2
1
3
2
1
2
0
1
1
1
2
0
1
1
3
1
2
1
1
1
0
0
0
1
0
0
4
1
1
1
1
1
0
2

s0l
l
4
0
0
0
2
3
3
1
1
1
1
2
2
0
1
0
1
1
1
2
3
1
1
1
1
1
0
0
3
1
0
0
0
0
0
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APPENDIX: VIII
Grain Composition (%) of sand sized sediment for 3 vibrocores
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6
8
4
11
6
3

15
19
11
15
11
12

23
31
34
19
21
22

25
21
20
20
21
17

5
11
12
18
17
24

12
2
2
3
3
2

12
10
9
22
14
16

5
4
0
2
6
3

5
4
14
3
8
4

37
43
41
28
28

14
14
18
20
20

16
13
16
20
17

3
3
5
13
11

14
14
10
7
11

11
5
7
8
5

5
9
5
5
9

1
0
0
0
2

l
0
0
0
0
1

LV16

10
50
90
130
170
210
LV22

30
70
110
150
190

APPENDIX IX
Gravel Composition for thin sectioned cores (above)
Depth
(cm)
LV13

30
70
110
150
190
230
270

Coral Coralline Miscell- Shell
Algae aneous
46
33
13
96
0
12
100

31
49
15
0
80
69
0

24
18
37
4
20
18
0

0
82
68
82
60

80
7
11
0
0

20
11
21
18
40

-

35
-

LV22

30
70
110
150
190

-

Appendix X:
Vibrocore Compaction
Core No.

Core
Compaction
(%)

LV1
LV2
LV4
LV5
LV6
LV7
LV8
LV9
LV10
LV11
LV12
LV13
LV14
LV15
LV16
LV17
LV18
LV19
LV20
LV21
LV22

37
45
36
32
39
33
18
35
53
0
50
23
17
5
0
16
16
27
N/A*
28
35

* 5 0 % of core lost during extraction

